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       Four of the 12 major Glycine max ancestors of all modern elite U.S.A. soybean 
cultivars were the grandparents of Harosoy and Clark, so a Harosoy x Clark population 
would include some of that genetic diversity. A mating of eight Harosoy and eight Clark 
plants generated eight F1 plants. The eight F1:2 families were advanced via a plant-to-row 
selfing method to produce 300 F6-derived RILs that were genotyped with 266 SSR, 481 
SNP, and 4 classical markers. SNPs were genotyped with the Illumina 1536-SNP assay. 
Three linkage maps, SSR, SNP, and SSR-SNP, were constructed with a genotyping error 
of < 1 %. Each map was compared with the published soybean consensus map. The best 
subset of 94 RILs for a high-resolution framework (joint) map was selected based on the 
expected bin length statistic computed with MapPop. The QTLs of seven traits measured 
in a 2-year replicated performance trial of the 300 RILs were identified using composite 
interval mapping (CIM) and multiple-interval mapping (MIM). QTL x Year effects in 
multiple trait analysis were compared with results of multiple-interval mapping. QTL x 
QTL effects were identified in MIM. 
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Introduction 
       Soybean [Glycine max (L.) Merr.] is major crop species in the USA, Brazil, and 
Argentina. Soybean is grown primarily because its seed is high in both protein and oil 
(about 42% and 21%, respectively, on a dry weight basis). The processing of the soybean 
seed involves extraction of the oil, leaving behind the protein and carbohydrate fractions 
that combined are called soybean meal. The seed coat fraction, known as hulls, is 
sometimes added back to the meal to increase the fiber content. Soybean oil is commonly 
called vegetable oil, which is widely used as human cooking oil, although increasing 
amounts of soybean oil are utilized for the production of biodiesel fuel.  
       Before molecular breeding methods emerged, most soybean breeders attempting to 
improve soybean protein and oil content had to rely on conventional breeding methods to 
generate high protein or high oil progeny selection from single crosses, 2 or 3 way 
crosses and backcrosses involving a mating between a high protein (or oil) exotic 
germplasm parent and elite germplasm parent with normal protein (or oil). The 
inbreeding process after a mating typically required four to six generations to fix 
homozygosity to the breeder‟s preferred level at most genetic loci. Considering the need 
to combine favorable alleles, breeders had to conventionally cross and inbreed 
individuals recurrently over many cycles to continue to enhance the seed protein (or oil) 
content. 
       Given the time and difficulty of phenotypic trait measurement, molecular breeding 
methods can potentially be more efficient than conventional breeding once one or more 
molecular markers are identified as being tightly associated with the genes that control 
the trait. Several types of DNA markers have been used for linkage mapping detection of 
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protein (or oil) genes, with the linked markers then used for marker-assisted selection 
(MAS) to manipulate those genes in breeding and cultivar development. Due to lack of 
sufficient morphological and cytological markers, RFLP markers were first used for these 
two purposes, after their identification in a soybean interspecific cross between Glycine 
max (L.) Merr. and Glycine soja (Seib. and Zucc.) (Keim et al., 1990). Later, AFLP 
markers were developed (Vos, 1995), and a soybean linkage map based on this marker 
type was soon constructed in a population of 300 RILs (Keim et al., 1997). This marker 
system showed good distribution over whole genome size and generated high density 
map. However, nearly all soybean AFLP were dominant markers. Dominant markers are 
less informative than co-dominant markers, because in electrophoretic assay systems the 
heterozygote band pattern is not distinguishable from the dominant band pattern. Three 
human genetics research groups reported a unique DNA marker type in which the alleles 
consisted of varied numbers of a tandemly repeated 2- to 5- nucleotide core sequence 
(Litt and Luty, 1989: Tautz, 1989: Weber and May, 1989). These markers were initially 
termed microsatellites, but later came to be called simple sequence repeat (SSR) markers. 
Nearly all SSRs are co-dominant and are usually also genomically unique. Because each 
SSR locus has the potential to be multi-allelic, SSRs have a higher polymorphism than 
other molecular markers, such as RFLPs and AFLPs (Jiang et al., 1994).  
       The integration of the first identified SSR markers into prior soybean linkage maps, 
which included classical, RFLP, and AFLP markers helped expand the original limited 
soybean linkage map (Akkaya et al., 1995). Since then, many more SSR loci markers 
have been discovered. These SSR markers, plus all prior types of markers, were 
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integrated into a linkage map constructed with five mapping populations (Song et al., 
2004).  
       The advent of single nucleotide polymorphism markers (SNPs), which are 
exceptionally abundant in any genome, has now made possible ultra-high density linkage 
maps, which are required for genome-wide association studies aimed at detection 
quantitative trait loci (QTLs). Because the discovery of SNP markers relies on DNA 
sequencing, which has become less expensive and more routine these days, thousands of 
SNP markers have now became available for mapping in soybean populations for which 
the two parents no longer need to be a Glycine max x Glycine soja to ensure marker 
polymorphism. Indeed, there is much interest in using SNP markers to enhance existing 
maps or to create SNP only linkage maps, that are marker-dense enough to ensure QTL 
detection in the less genetically diverse populations derived from elite x elite Glycine 
max matings existing SSR linkage maps.  
       Harosoy and Clark are obsolete soybean cultivars that were at one time popular 
amongst soybean producers in the North Central United States. The parents of Harosoy 
and Clark comprise four of the 12 major ancestral Asian Glycine max accessions, and 
therefore those parents likely contributed a significant fraction of their genes to the 
collective genomes of all modern, high-yielding, elite cultivars. Thus, SSR and SNP loci 
that segregate in a Harosoy x Clark population are very likely to also be polymorphic in 
modern cultivars. Moreover, QTL analyses in a Harosoy x Clark population of many 
recombinant lines (RILs) for the common agronomic traits of seed protein, seed oil, and 
100-seed weight, maturity, lodging, height, and seed yield should be useful for breeders 
relative to any favorable QTL alleles detected in this population for these traits.  
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Introduction 
       Morphological, cytogenetic and isozomic markers were used to construct linkage 
maps before DNA markers were introduced. However, classical markers were not 
sufficient in number to prepare a comprehensive linkage map. Moreover, morphological 
markers were subject to genotyping error because of G x E interaction and G x G 
epistasis. Research aimed at finding more informative, effective, and polymorphic 
molecular markers in crucial animals and plant species has now resulted in various kinds 
of molecular markers known by their acronyms RFLPs, RAPDs, AFLPs, SSRs, and 
SNPs. The objective of this research was to generate a marker-dense soybean linkage 
map for an F6-derived population of 300 RILs, by genotyping those RILs with about 750 
markers.  
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Literature Review 
Marker Types 
Restriction Fragment Length Polymorphism (RFLP) Markers: The RFLP was the first 
DNA marker and was used to construct the first human molecular linkage map by 
Bostein et al. (1980). In soybean, Apuya et al. (1988) identified 11 RFLP markers for the 
first time using five probes to verify genetic polymorphism in five cultivars, which 
included the cultivars, „Minsoy‟ and „Noir 1‟.  
       The first molecular genetic map of soybean was constructed using 154 RFLP 
markers that were polymorphic in the F2 population derived from a mating of Glycine 
max and Glycine soja parents by Keim et al. (1990). Using Glycine soja as one parent 
enabled much genetic variability for the markers in this F2 population. The first soybean 
genetic map had 151 markers that coalesced into 26 linkage groups (LGs) for a total 
genome length of 1,200 cM. This was the first soybean linkage map that was effective for 
use in QTL detection in a F2:3 population. Diers et al. (1992) subsequently added more 
RFLP markers to this population resulting in a soybean map of 243 RFLP markers that 
were distributed over 31 LGs. The combined map length rose to 2,147 cM.  
Random Amplified Polymorphic DNA (RAPD) Markers: The polymerase chain reaction 
(PCR) tool (Mullis et al., 1986) simplified the work needed to use molecular markers for 
genetic mapping procedures. The various molecular marker types that have been used in 
soybean, such as RAPDs, AFLPs, SSRs, and SNPs, required the use of PCR. As the first 
PCR-based molecular marker, RAPD marker analysis was conducted in human, soybean, 
maize, and bacteria by Williams et al. (1990).  
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       Single arbitrary primers of 10-bp length were used to amplify DNA segments from 
genotypes, with present/absent DNA amplicon differences among the genotypes serving 
as genetic polymorphisms. RAPD marker analysis was simple compared to RFLP marker 
analysis, which required many laborious steps and radioactive labeling. Because RAPD 
markers result from the absence or presence of a DNA amplicon in the gel, RAPDs are 
almost always dominant markers.  
       Ferreira et al. (2000) constructed a soybean linkage map by adding 106 RAPD 
markers onto an existing RFLP map. This map had 35 LGs with total map length 
estimated to be 3275 cM. This linkage map was more saturated in terms of total markers 
than the map of Diers et al. (1992).  
Amplified Fragment Length Polymorphism (AFLP) Markers: Vos et al. (1995) 
developed a novel DNA fingerprinting method called AFLP analysis. An AFLP marker is 
similar to a RAPD marker at the point of using unknown fragments of DNA sequence to 
serve as primers in PCR, but the former requires an enzyme-cutting step like that in 
RFLP analysis. Although AFLP markers are also mostly dominant markers, they have a 
greater advantage due to the selection of specific primer sets. The AFLP marker system 
generates many more reliably reproducible polymorphisms than the RAPD marker 
system, but is much more tedious to use and requires more skill and expertise to 
implement. 
       Keim et al. (1997) constructed high density soybean linkage map by adding 650 
AFLP markers to an existing map that had 165 RFLP and 25 RAPD markers genotyped 
in population derived from the mating BSR-101 (Glycine max) x PI 437654 (Glycine 
soja). The combined linkage map consisted of 28 LGs with a 3,441 cM of total map 
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distance. Like other marker systems, AFLP markers seemed to useful for linkage 
mapping though much AFLP marker clustering was evident in some linkage regions.  
       Because RAPD and AFLPs are almost always dominant markers, the heterozygote 
marker genotypes are not distinguishable from the dominant marker genotypes in 
electrophoretic assay systems. This lack of complete genotypic informativeness is a 
serious disadvantage for QTL analysis in populations where the lines or individuals are 
not completely homozygous. This led researchers to search for better PCR-based markers 
for QTL studies.   
Simple Sequence Repeat (SSR) Markers:  The discovery of cores of repetitive DNA 
sequence in genomes led to the development of the microsatellite marker. The 
development of the variable number tandem repeat (VNTR) marker (Nakamura et al., 
1987) served as the basis for the eventual identification and widespread use of the simpler 
microsatellite marker.  
       Three human genetics research groups reported a DNA marker that had various 
numbers of tandemly repeated 2- to 5- nucleotide core sequence (Litt and Luty, 1989; 
Tautz, 1989; Weber and May, 1989). This marker was initially termed a microsatellite 
marker, but is now commonly called a simple sequence repeat (SSR) marker. SSR 
markers had great advantages relative to RAPDs, RFLPs, and AFLPs. Each locus was 
usually genomically unique, had the potential to be multi-allelic (with each allele co-
dominant with all others), and the locus positions were more or less randomly distributed 
in the genome.  
       Akkaya et al. (1992) identified the first three polymorphic SSR loci in soybean using 
38 Glycine max and six Glycine soja accessions, by simply examining sequence 
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information obtained from GenBank at National Center for Biotechnology Information 
(NCBI) web site and from soybean DNA library screening. Subsequently, 34 SSR 
markers were added to linkage map that had 13 classical markers and a total of 118 
markers of the RAPD and RFLP type (Akkaya et al., 1995).  
       Later, sixty F2 plants derived from a mating between near isogenic lines (NILs) of 
the soybean (Glycine max) cultivars, Clark and Harosoy, were used to construct an SSR 
linkage map. This map had 29 LGs with a total genome length of 1,486 cM (Shoemaker 
and Specht, 1995). Even though the number of SSR markers was not large in this map, 
the SSR markers seemed to be well distributed relative to genome position. This 
publication contributed to an ongoing effort to develop a much more saturated soybean 
linkage map using SSR markers.  
       Mansur et al. (1996) also constructed linkage map by adding SSR markers to an 
existing map of classical and RFLP markers. This map was then used to detect QTLs in a 
F2 population derived from a mating of a Minsoy x Noir 1. The map had approximately 
2,000 cM of total map length.  
       As more SSR markers became available during this time, a total of 606 SSR markers 
that had been mapped in one or more maps constructed with three different soybean 
populations were used to construct on integrated SSR comprehensive map of 20 LGs 
consistent with the existence of 20 pairs of chromosome in soybean map (Cregan et al., 
1999). The first population was USDA/Iowa State University F2-derived population of 
59 lines derived from an interspecific cross between A81-356022 (Glycine max) and PI 
468916 (Glycine soja). The second population was University of Utah F7-derived RILs 
derived from a cross between cultivars Minsoy and Noir 1. The third population was 
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University of Nebraska F2-derived population of 57 lines derived from a cross between 
NILs of two soybean cultivars, Clark and Harosoy. A total of 1,423 unique marker loci, 
including 606 SSRs, 689 RFLP, 79 RAPD, 11 AFLP, 10 isozymes, and 26 classical 
markers were mapped in the three collective mapping populations. A total 20 LGs were 
identified by aligning the somewhat greater than 20 LGs in each individual population 
map. However, the authors of this publication noted that each of the 20 consensus LGs 
contained one or more marker-absent gaps of greater than 20 cM, and portions of some 
LGs contained only RFLP markers. Thus, more SSR markers were not only needed to 
close the gaps but also to populate RFLP-only regions, given that RFLP were no longer 
being used by breeders.   
       Yamanaka et al. (2001) constructed a linkage map using 190 F2-derived plants from 
a cross between two Japanese soybean cultivars, Misuzudaizu and Moshidou Gong 503. 
They mapped 96 SSRs, 401 RFLPs, 1 RAPD, and 5 classical markers. The number of 
LGs was 20 (actually, 20 major groups, plus one minor group), and the total map length 
was 2,908.7 cM. Because 189 of 401 RFLP markers were derived from expressed 
sequence tag (EST) clones, this linkage map included cDNA markers.  
       Matthews et al. (2001) mapped RFLP, RAPD, AFLP, and SSR markers in 149 F2-
derived plants from a cross between two soybean cultivars, BARC-2 and Noir 1. The 
interesting thing about this linkage map was that many RFLP markers were derived from 
EST and genomic clones that were used in combination with SSR-based genome map, of 
which there were only 38 SSR markers.  
       Song et al. (2004) developed 420 newly developed SSR markers and integrated these 
new markers into a linkage map populated with the prior SSR markers (Cregan et al., 
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1999). The Song et al. (2004) map was constructed using five mapping populations; 
Minsoy x Noir 1, Minsoy x Archer, Archer x Noir 1, Clark x Harosoy, and A81-356022 x 
PI 468.916. The joint integrated map of five populations was created by JoinMap 
software package (Van Ooijen and Voorrips, 2001). A total of 1,849 genetic markers 
including 1,015 SSRs, 709 RFLPs, 73 RAPDs, 24 classical traits, six AFLPs, and ten 
isozymes were integrated into a map of 20 LGs that had a total map length was 2,523.6 
cM. Some SSR markers were observed to cluster in some regions of a few LGs.  
       Lightfoot et al. (2005) constructed a F5 RIL population derived from the mating 
Essex (Glycine max) x Forrest (Glycine max). A total of 337 loci were genetically 
mapped including 206 SSRs allowing the alignment of LGs in the resulting map with the 
20 consensus LGs. Because many of the marker positions and marker-to-marker 
distances in this map were not congruent with those of other maps, this map has not been 
used much by others in the soybean research community.  
Single Nucleotide Polymorphism (SNP) Markers: Even though SSR markers were 
abundant in various organisms and showed high polymorphism values, gel-based 
identification of SSR marker alleles remains time-consuming and cost-ineffective, given 
the need to genotype ever-greater numbers of individuals. In addition, for genetic analysis 
such as QTL analysis, researchers needed a marker that can be multiplex-assayed in a 
short time frame to quickly saturate mapping population lines with high densities of 
markers. 
       The SNP marker system turns out to be very useful for this purpose. Moreover, 
genome sequencing projects of several organisms have now been completed, including 
Glycine max, which provides an excellent data base for searching for SNPs. 
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Consequently, electrophoresis-based assays (locus specific PCR amplification, RFLP or 
AFLP-based assay, EST-based assay, alignment among different individual genome 
sequences, identification of overlapping segment of BAC or YAC clone, allele-specific 
amplification for SNP genotyping, and single base extension (SBE) assay) have been 
used to identify SNP-rich regions. In addition, modern technologies, such as a non-
electrophoresis based methods (TAGMAN assay, molecular bead-used fluorescence 
assay and oligonucleotide ligation assay) along with computer software for SNP analysis 
have improved at the same time (Gupta et al., 2001). As result, the development of SNP 
markers and automation of SNP allele genotyping had made SNP marker use much more 
convenient than it had been in the past. Considering linkage information content, a SNP 
marker is less informative than SSR marker because most SNP markers are typically 
biallelic (i.e., have only two alleles). However, SNP markers are far more abundant per 
unit of genome sequence than are SSR markers, and this greater abundance of SNPs 
offsets the lack of SNP multi-allelism.  
       Wang et al. (1998) investigated 2.3Mb of human genomic DNA and identified 2,227 
SNPs using STS-based sequencing and high-density variation of DNA chips. These SNPs 
were mapped, and showed great genetic diversity of the human genome. The SNP 
Consortium (TSC) and the public Human Genome Project (HGP) (Sachidanandam et al., 
2001) identified 95% of SNPs in human using alignment among 24 ethnically diverse 
individuals by overlapping segments of BAC or PAC clones and noted that 5% of SNPs 
were detected on the gene itself or in ESTs. The authors then mapped 1.42 million SNPs 
across human genome to show that the SNP marker density and distribution was 
sufficient to proceed forward with haplotype-based association case studies. The average 
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physical base-pair distance between available SNPs in the human genome was 
approximately 1.9Kb.  
       The molecular techniques related with SNP discovery have now been applied to 
many plant species such as Arabidopsis thaliana (Jander et al., 2002), maize (Zea mays 
L.) (Tenaillon et al., 2001), rice (Oryza sativa) (Nasu et al., 2002), and barley (Hordeum 
vulgare) (Rostoks et al., 2005). In Glycine max and Glycine soja, Zhu et al. (1995) 
identified SNP variation using DNA fragment sequence alignment. Coryell et al. (1999) 
developed allele-specific hybridization (ASH) markers derived from RFLP markers and 
detected two SNPs with labeled probes. With this approach, most discoveries of SNPs 
were limited to regions involving one gene or one allele-specific region. However, Zhu et 
al. (2003) detected a total of 216 SNPs using a genome-wide analysis. They used coding 
sequence (complete gene and cDNA sequence), non-coding sequence, and random non-
coding genomic sequence, totaling over 76 kb of full soybean genome sequence. Even 
though 25 small random samples were used for this analysis, these 25 genotypes seemed 
to have sufficient potential for SNP detection. To verify the efficiency of SNP variability, 
SNP haplotype frequency and linkage disequilibrium (LD) analysis was performed. A 
representative value, a standardized value, and a r
2
 (squared allele-frequency correlation) 
were estimated in DNA fragments containing two or more SNPs in LG G or in the whole 
genome. Permutation and LR tests were conducted to test the frequency of SNP 
haplotype and significance of r
2
, respectively. A low LD value and limited SNP 
haplotype number showed that genetic variation of soybean genome, based on SNPs in 
these 25 genotypes, was low in comparison with other plant species. Sachidanandam et al. 
(2001) also reported a low θ value (less than 0.001) for SNP detection in soybean. Still, 
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the nucleotide diversity (θ) was 0.00053 in 28.7 kb of coding region, and 0.00111 in 47.6 
kb of non-coding region in the Zhu et al. (2003). Even though the sample size was small, 
the probability of SNP identification in these samples remained reasonably high. In other 
words, the data of Zhu et al. (2003) showed that the soybean genome had great potential 
relative to obtaining suitable large SNP numbers for haplotype and genome-wide QTL 
analyses. 
       Choi et al. (2007) created a SNP genetic map that they also called genetic transcript 
map because 1,141 the sequence of transcribed genes were used for the identification of 
SNPs. After STS markers were developed from EST sequences of the William and 
William 82, these STS markers were resequenced for SNP detection. As a result, a total 
of 5,551 SNPs were identified and 1,158 SNPs were characterized from 1,141 different 
genes, even though sequence variation of soybean had been previously thought to be low 
(Zhu et al., 2003). A comparison of SNP frequency in exons versus introns of 1,141 
genes revealed 2.04 and 2.66 SNPs per Kb, respectively. This transcript map was 
considered the third version of the first version (Cregan et al., 1999) and second version 
(Song et al., 2004) of the soybean consensus maps. Four mapping populations [Minsoy x 
Noir 1, Minsoy x Archer, A81-356022 x PI 468916 (Glycine soja) and Evans x PI 
209332 (Glycine max)] were integratively joined together to generate this 3.0 version of 
the consensus genetic map. The total genetic distance for the 20 LGs was 2,550.3 cM. 
This linkage map was more marker-saturated, and since it included SNPs mapped in 
many known expressed genes, it was expected to be helpful for the identification of 
candidate genes for any later detected QTLs. This map would also be useful for the 
selection and design of marker-associated selection tools.   
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       Recently, Hyten et al. (2010) constructed the fourth version of the consensus genetic 
map using SNP markers and the high-throughput Illumina GoldenGate assay (Fan et al., 
2003). This assay method was thoroughly tested and beginning about year ago began to 
be routinely applied in soybean SNP genotyping. About 2,500 new SNP markers were 
discovered and were included in this version 4.0 of the soybean consensus genetic map, 
which was constructed based on version 3.0 soybean map generated by Choi et al., 
(2007). This version 4.0 consensus genetic map has a total genomic distance of 2,296.4 
cM. The mean distance between any two sequential SNPs markers is just 0.6 cM, which 
is a reflection of the marker saturation in map version 4.0. Three populations [Minsoy x 
Noir 1, Minsoy x Archer and Evans x PI 209332 (Glycine max)] were used to generate 
this fourth generation consensus genetic map. To identify a set of 1,536 SNPs that was 
more or less evenly distributed across the genome for routine use in linkage mapping and 
QTL detection studies, the efficiency of all SNP markers was investigated using 
GoldenGate assay on 96 diverse landrace or 96 elite germplasm accessions. This 1,536-
SNP marker set was called Universal Soybean Linkage Panel version 1.0 (USLP 1.0) 
(Hyten et al., 2010). 
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Material & Methods 
Germplasm 
       Four ancestral Glycine max accessions constitute the parental pedigrees of Harosoy 
and Clark. Harosoy originated from the mating of Mandarin (Ottawa) and A.K. (Harrow), 
followed by a backcross to Mandarin (Ottawa). Clark originated from the mating of 
Lincoln and Richland, followed by a backcross to Lincoln. Information about the four 
grandparents and two parents was obtained from the germplasm resources information 
network (GRIN: http://www.ars-grin.gov/cgi-bin/npgs/html/site_holding.pl?SOY).   
Mandarin (Ottawa): This germplasm was collected in France. NPGS received this 
germplasm and assigned it the PI number 189888 in 1950. Some GRIN reported statistics 
include maturity group І, seed yield (2.03 Mg/ha at 13 % seed moisture), seed protein 
(38.7 %), seed oil (19.7 %), and 100-seed weight (12.6 g). The colors of flower, hilum, 
and pubescence are purple, yellow, and gray, respectively.  
A.K. (Harrow): This germplasm was developed at Ontario in Canada. NPGS received 
this germplasm in 1950 and assigned it the PI number 548298 in 1991. Some GRIN 
reported statistics include maturity group ІII, seed yield (2.88 Mg/ha at 13 % seed 
moisture), seed protein (40.6 %), seed oil (21.4 %), and 100-seed weight (14.7 g). The 
colors of flower, hilum, and pubescence are white, buff, and gray, respectively. 
Lincoln: This germplasm was developed at Illinois in USA. NPGS received this cultivar 
in 1954 and assigned it the PI number 548362 in 1991. Some GRIN reported statistics 
include maturity group ІII, seed yield (3.12 Mg/ha at 13 % seed moisture), seed protein 
(40.7 %), seed oil (21.9 %), and 100-seed weight (15.5 g). The colors of flower, hilum, 
and pubescence are white, black, and tawny, respectively. 
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Richland: This germplasm was developed at Indiana in USA. NPGS received this 
cultivar in 1954 and assigned it the PI number 548406 in 1991. Some GRIN reported 
statistics include maturity group ІI, seed yield (2.19 Mg/ha at 13 % seed moisture), seed 
protein (41.5 %), seed oil (20.9 %), and 100-seed weight (16.9 g). The colors of flower, 
hilum, and pubescence are purple, gray, and gray, respectively. 
Clark: This germplasm was developed at Illinois in USA. NPGS received this cultivar in 
1952 and assigned it the PI number 548533 in 1991. Some GRIN reported statistics 
include maturity group IV, seed yield (3.26 Mg/ha at 13 % seed moisture), seed protein 
(41.1 %), seed oil (21.2 %), and 100-seed weight (16.9 %). The colors of flower, hilum, 
and pubescence are purple, black, and tawny.  
Harosoy: This germplasm was developed at Ontario in Canada. NPGS received this 
cultivar in 1956 and assigned it the PI number 548573 in 1991. Some GRIN reported 
statistics include maturity group II, seed yield (2.66 Mg/ha at 13 % seed moisture), seed 
protein (41.2 %), seed oil (21.6 %), and 100-seed weight (16.1 g). The colors of flower, 
hilum, and pubescence are purple, yellow, and gray.  
Population Development 
Derivation of a Harosoy x Clark Population of 300 RILs: Dr. Cregan of the Beltsville 
Agricultural Research Center in Maryland mated Harosoy with Clark using ten plants of 
the former as females and ten plants of the latter as males. The ten matings were labeled 
with separate parental numbers from H-1 x C-1 to H-10 x C-10. Two F1 plants derived 
from H-7 x C-7 and H-10 x C-10 died before producing F2 seed. About 45 F2 seeds were 
produced by each of the remaining eight F1 plants. The generation advance from F2 to F6 
was conducted by a plant-to-row method, wherein one random Fn plant was harvested and 
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25 of its seeds used to plant a row of Fn+1 plants of the next generation. For the last 
generation, the 25 F7 plants in each of the 300 F6-derived rows were bulk-threshed by 
row to generate 300 RILs. Pedigree records were kept during generation advance which 
allowed each of the eight F1 plant derived family clusters of 34 to 40 RILs to be traced 
back to the original F1 mating. Seed of the eight parental plants of Harosoy and Clark 
were also propagated each year. The H x C population generation scheme is shown in 
Appendix A.  
DNA Extraction 
       Young leaf tissue was collected from each of the F6-derived 300 RILs and the eight 
parental plant lines of Harosoy and Clark. Each leaf sample was put on dry ice in the 
icebox soon after the tissue was collected, moved back to the laboratory, ground to a fine 
powder and then stored at -20 °C. Samples were ultimately stored at -80 to -90 °C if not 
immediately used. The modified quick extraction protocol of Saghai-Maroof et al. (1984) 
was used for DNA extraction. Extracted DNA was re-suspended 200 μl of TE buffer and 
then stored at 4 °C. Then an optical density value was calculated at 260 nm and 280 nm 
ultra-violet wavelength with spectrophotometer. The stock DNA of each RIL and parent 
was diluted to 20 ng/μl for SSR and SNP marker analysis. 
Classical Markers 
       The F6-derived 300 RILs were scored for four classical markers, which included a 
pubescence color locus (T / t), a hilum color locus (R / r), a hilum color intensity locus (I 
/ i
i
), and a plant maturity date locus (E2 / e2). The scored phenotypes and gene symbols 
for each locus are as follows: The pigmentation in a soybean hilum is actually governed 
by genetic loci, the three just mentioned, plus a flower color locus (W1 / w1), though both 
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Harosoy and Clark are homozygous (W1W1) for purple flower color. Clark is dominant 
over Harosoy in pubescence (TT v.s. tt) and hilum color (RR v.s. rr). Harosoy is 
dominant over Clark in hilum color intensity (II v.s. i
i
i
i
). Hilum colors detected in the 100 
RILs were buff (i
i
rtW1), brown (i
i
rTW1), imperfect black (i
i
RtW1), black (iiRTW1), 
yellow (IrtW1), and gray (either IRtW1 or IRTW1). Relative to maturity date (E2 / e2), 
Clark (E2E2) exhibits late maturity whereas Harosoy (e2e2) displays early maturity, with 
late maturity incompletely dominant over early maturity. Only RILs with definitively 
extreme maturity dates were given genotypic values in the H x C population. 
SSR Marker Genotyping 
SSRs Assayed on Agarose Gels: A modified protocol for SSR-PCR was based on the 
method published by Akkaya et al. (1992). A PCR reaction mix contained 4.01 μl 
Dnase/Rnase free water, 2.30 μl 5X reaction buffer, 1.88 μl 1X TE buffer (pH 8.0), 0.46 
μl dNTP/MgCl2 (2.5 mM / 25 mM), 0.21 μl 10X primer (10 pmol/μl), 2.5 μl DNA (20 
ng/μl) and 0.14 Tag polymerase (5 U/μl). The total volume was 11.5 μl per each reaction. 
A 96-well plate was used for multi-plexed PCR reactions in thermocycler (Model PT-100, 
MJ Research, Watertown, MA) and Microseal
TM
 A film cover on the plate was used to 
prevent evaporation of the PCR mix.  
       The thermocycler was programmed with 31 successive cycles and one final cycle. 
Each cycle of the 31 cycles consisted of denaturation at 94 °C for 25 s, renaturation at 
47 °C for 25 s to allow primer to bind and reheating at 68 °C for 25 s to activate DNA 
polymerase for DNA synthesis. The final cycle involved heating to 72°C for 3 min as 
extension step, and then cooling at 4 °C. The reaction units containing the SSR amplicons 
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were loaded onto a 2.5 % agarose gel, which were made by adding 6.25 g agarose to 250 
ml 0.5X TBE buffer.  
       Electrophoretic seperation was done at 70 V for five hours in the electrophoresis kit. 
When the difference between two amplicons (i.e., alleles) for a given SSR was small, six 
hours of electrophoresis was done. For visual inspection under UV light, an agarose gel 
was stained for 5~10 min in 2 ng/μl concentration of ethidium bromide solution and gel 
then was using the Bio-Doc
TM
 Imaging System. All SSR amplicons fell within the 2,642 
bp to 50 bp size range of standard XШ molecular marker (Boehringer Mannheim).  
SSR Assayed on Polyacrylamide Gels: It was difficult to resolve SSR amplicons that 
differed by only 1 to 4 bp on agrose gels. In such cases, polyacrylamide gels and a Model 
4300 DNA Analyzer (LI-COR Bioscience, http://biosupport.licor.com) were used. The 
PCR reaction mix was similar to the mix described in the prior paragraph, except that the 
5X buffer did not have xylene cyanole as dye, and an infrared labeled primer known as 
M13 primer was used. A PCR reaction mix contained 3.70 μl Dnase/Rnase free water, 
2.20 μl 5X buffer (no dye), 1.80 μl 1X TE buffer (pH 8.0), 0.45 μl dNTPs/MgCl2 (2.5 
mM / 25 mM), 0.23 μl M13 primer 10X (10 pmol/μl), 0.25 μl 700 or 800 Label (1 
pmol/μl), 0.14 μl Tag polymerase (5 U/μl) and 2.5 μl DNA (20 ng/μl). The total volume 
was 11.5 μl per reaction and a 96-well plate was also used for PCR reaction in 
thermocycler (Model PT-100, MJ Research, Watertown, MA) and Microseal
TM
 A film 
cover over the plate was used to prevent evaporation of the PCR contents.  
       The thermocycler was programmed with 31 cycles plus final cycle. During each of 
the 31 cycles, the reaction mixes were denaturated at 95 °C for 2 min and then at 94 °C 
for 25 s, renaturated at 47 °C for 25 s to allow primer to bind, and then reheated to 68 °C 
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for 25 s to activate DNA polymerase for DNA synthesis. The final cycle involved heating 
to 72 °C for 3.5 min as an extension step and finally cooling to 4 °C. Amplicons were 
loaded onto a 0.25mm thick 6.5 % KB
Plus
 gel in apparatus at the front of the LI-COR 
system. The amplicon separation on the gel was analyzed using LI-COR Saga2 program, 
and the either 700- or 800-channel on the LI-COR Analyzer was chosen as necessary. 
SNP Marker Genotyping 
SNP Marker Assays: The Illumina GoldenGate Assay using the BeadStation 500 G 
(Illumina, Inc., http://www.illumina.com), was perfomed as described by Fan et al. 
(2003), using the 1,536-SNP USLP 1.0 array created by Hyten et al. (2010). These 1,536 
SNPs have map positions distributed over the 20 LGs of the soybean genome. These 
1,536 SNP markers constituted the SoyOPA-1 SNP marker set selected by Hyten et al. 
(2008) based on a designability rank score (0.4 to 1) reflecting the success rate in a 
GoldenGate assay. Illumina‟s microarray-based SNPs genotyping procedure allowed 96 
DNA samples to be genotyped for the 1,536 SNP loci in a 96-well plate with about 90 % 
accuracy.  
       As a pre-preparation step, the custom OPA (an acronym for oligo pool all), which 
included the allele-specific oligos (ASO) and the locus-specific oilgos (LSO), were 
designed for each SNP locus. Each unique address sequence was included the LSO, and 
this address was different according to each well in beadarray. Each SNP locus region 
was amplified using universal PCR primers. After an extension, ligation and cleaning 
procedure, the PCR products were hybridized to Sentrix Array Matrix. To clean up after 
the hybridization, the Array Beadchip was washed and dried. Each rod of Sentrix 96 
multi-array matrix consisted of 50,000 fiber optic strands, so the allele calling involved 
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about 30 replicates of each SNP locus. The allele calls were made with the GenCall 
software based on the flourescence emission of photons.  
       A total of 900 of the 1,536 SNP markers were observed to be polymorphic with 
respect to the Mandarin (Ottawa), A.K. (Harrow), Lincoln, and Richland grandparents of 
H x C mapping population. Ultimately, 482 of the 900 (and thus 1,536 SNP) loci were 
determined to be polymorphic in the H x C population of F6-derived 300 RILs.  
RIL Genotype Coding 
       RILs homozygous for the Clark SSR or SNP allele were given a genotypic code of A 
while those RILs homozygous for the Harosoy SSR or SNP allele were given a genotypic 
code of B. An H genotypic code was given to any heterozygous RILs possessing both 
alleles, and a dash used for any RIL that was not assigned a genotypic code (due to 
missing allele calls). Linkage and QTL software assumes RIL populations are completely 
homozygous, so the H codes were ultimately converted to dashes.  
SSR Marker Data Checking 
Prior SSR Work: The initial SSR genotyping of the two parents, Harosoy and Clark, and 
300 RILs was performed by three labs, Biogenetics Services, BARC lab of Dr. Cregan, 
and Nebraska lab of Dr. Specht, had genotyped the 300 RILs with 240 SSR markers in a 
Harosoy x Clark population (H x C population). Note: This genotyping was done prior to 
the start of this dissertation research. The SSR markers were those discovered and 
developed by Cregan et al. (1999) and Song et al. (2004), who had mapped these SSR 
markers into 20 LGs. However, the subsequent discovery of Dr. Specht of many potential 
SSR genotyping errors led him to stop work on this H x C RIL project until I became a 
Ph. D. student in his lab.  
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Posterior SSR Work: After starting my dissertation on this project, I found 10 of those 
240 SSR markers to be monomorphic in all 300 RILs. In addition, I found another 29 of 
the 240 SSRs to be “duplicates” (i.e., each of those 29 SSRs had been genotyped by 
either two labs or by all three labs), so there were actually less than 240 total SSRs. These 
29 “duplicate” marker genotypings occurred when the individual labs had attempted to 
resolve genotyping errors for a given duplicate set of markers. Finally one badly scored 
marker, Satt236, was dropped from further consideration. Thus only 200 prior scored 
SSR markers were chosen for final error correction.  
       SSR marker data with minimal genotyping error was needed for precise linkage 
mapping. Therefore, it was necessary for me to review and correct the major genotyping 
errors committed by the three labs in a data set comprised of 200 SSR markers and 300 
RILs (i.e., a total of 60,000 genotyping calls). Note that Dr. Specht previously had scored 
the RILs for three segregating classical pigmentation loci and one maturity gene locus.   
       Some of the 200 SSR markers were completely re-genotyped in all 300 RILs, but 
many of the other 200 SSRs were only re-genotyped for some of the RILs that were 
putatively identified as having likely erroneous genotypes based on mapping software 
error-calling programs. In addition, several new easy-to-score SSR markers were used to 
genotype all 300 RILs, bringing the total SSR marker number to 240. Finally, another 30 
SSR markers were selectively chosen for genotyping all RILs-these SSR had known map 
positions that fell into markerless H x C map gaps within particular LGs or at the terminal 
ends of some LGs. Ultimately, I genotyped the H x C 300 RILs with 70 new SSR 
markers. Thus, at the end of the SSR genotyping phase of this project, the 300 RILs had 
been genotyped with a total of 200 + 70 = 270 SSR markers.  
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Missing Data in SSR Marker Data: An attempt was made to re-assay all missing data 
cells in the 270 marker x 300 RIL = 81,000 cell data set. The goal was to reduce the 
missing data cells for each SSR marker to zero if possible, or to at least no more than 10 
missing cells as a generalized goal (10 / 300 = 3 %). Reducing the number of missing 
genotypic codes was of critical interest in close marker linkages, where missing data for 
adjacent markers might possibly result in an erroneous marker order.  
Re-examination of All Heterozygote Assignments in SSR Marker Data: An attempt was 
also made re-assay all data cells with a heterozygote code assignment, particularly with 
respect to SSR marker loci for which the observed number of heterozygote RILs 
exceeded the expected residual number. The heterozygote frequency in a F6-derived RIL 
population was expected to be 3.125 % (9.375 of 300 RILs). Although true heterozygote 
genotypes in a RIL population must be converted into missing data for use in most 
linkage mapping software, a re-assay converted many erroneous heterozygote calls into 
correct homozygote calls.  
Final Error-checking in SSR Marker Data: Both Mapmaker 3.0/Exp (Lander, 1987) 
and R/qtl (Broman, 2003) software packages were used for a final detection of potential 
genotyping errors. A genotyping error rate of 1 % was assumed in the software error 
detection modes. Any SSR-RIL data cell that exhibited statistical a LOD score of 4.0 for 
significance (i.e., potential error) was checked by re-examination of the electrophoretic 
gel photograph to determine if a photo-to-genotyp-call translation error had occurred.  
SNP Marker Data Checking 
Heterozygote Assignments and Missing Data in SNP Marker Data: The SNP marker 
heterozygote frequency in the 300 RILs was 2.36 % (3,223 / 144,300), which was almost 
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the same as the finalized SSR marker heterozygote frequency of 2.33 % (1,856 / 81,000). 
While SSR genotyping required two or three repeat assays to verify heterozygote type, 
the GoldenGate Assay heterozygote calls were those resulting from one assay. 
       Although 900 of the 1,536 SNP markers (58.6 %) were polymorphic between one v.s. 
three, or two v.s. two of the four homozygous grandparents of the H x C RIL population, 
only 482 SNP markers (31.4 % of the 1,536; 54 % of the 900) were polymorphic between 
the two homozygous Harosoy and Clark parents. The relatively low percentage of SNP 
polymorphism amongst the four RIL grandparents (900 of 1,536) and between the two 
RIL parents (482 of 1536) was due in part to the domestication and breeding bottlenecks 
that were described Hyten et al. (2006).  
       Considering missing genotype data, the frequency of missing cells in SNP marker 
data set was 5.26 % (7,586 / 144,300), whereas missing cell frequency in the SSR marker 
data was 1.85% (1,499 / 81,000). This comparison is biased, of course, because much of 
the posterior SSR effort was dedicated to convert missing RIL genotypes into correct 
genotype calls. Still, it is interesting to note that this extra SSR genotyping effort reduced 
the missing cell frequency by 1/3 of the missing cell frequency in a one-run SNP assay 
(1.85 / 5.26).  
Linkage Map Construction 
Final Error Checking of SSR and SNP Data: All RIL genotype calls were graphically 
identified but visually examined identified and examined using GenCall software. The 
number of heterzygote RIL in any given SNP marker ranged from 0 to 16. Unfortunately, 
a re-examination of all SNP heterozygote types or SNP missing data was not possible due 
to the high cost of conducting a repeat SNP analysis. The error-checking modules of the 
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Mapmaker (Lander, 1987) and R/qtl (Broman, 2003) were used to error-check to SNP 
data, but only a few putative genotypic errors were discernable.   
       The 482 SNP markers, when coupled the 266 SSR and four classical markers, were 
compared to the consensus map version 4.0 (Hyten et al., 2010). Four SSR markers, 
Satt403 (E), Satt374 (F), Satt595 (F), and GMABAB (N), and 1 SNP marker, BARC-
052043-11321, was removed due to the unexpected high number of double cross-over 
events between each of these and their respective two nearest tightly linked flanking 
markers. Ultimately, 266 SSR, 481SNP, and four classical markers were usable for 
linkage mapping.  
Linkage Testing and Grouping: The H x C RIL raw data files that were used with 
Mapmaker (Lander, 1987) were first created using Map Manager QTX (Manly, 2001). 
The latter has a more convenient module for importing text files of genotype data, and 
can be more easily used to easily create a Mapmaker raw data file from an Excel file.  
       All other subsequent files were directly created for, or generated by Mapmaker 
3.0/Exp. This software was initially used for linkage testing and grouping in the creation 
of three categories of marker linkage maps (SSR + classical, SNP only, or combined 
SSR-SNP). In all three maps, the Kosambi mapping function (Kosambi, 1944) was used 
for linkage distance estimation, linkage testing, and linkage grouping. The maximum 
distance between two flanking markers when using the Kosambi function is 37.2 cM, 
which is equivalent to a Haldane map distance of 50 cM or a Morgan recombination 
fraction of 0.32 rf. A LOD value of 3.0 was chosen as the significance criterion for two-
marker linkage testing. For multipoint linkage testing, the LOD criteria used for general 
and strict threshold values were 3.0 and 4.0.   
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       The Mapmaker „group‟ command was used for linkage grouping. A group LOD 
criterion of 15 was initially used as a conservative means of establishing initial core LGs 
for the H x C population, even though this strict criterion resulted in sub-LG fragments of 
most of the expected main LGs. Then, the LOD criterion was relaxed a LOD unit (1.0) at 
a time from 15 to 4, to determine the eventual group LOD value at which sub-LGs did 
not correctly coalesce into their respectively correct main LGs. As a result of this testing, 
the group LOD score of 6.0 was found to be optimum for linkage grouping in all three 
(SSR, SNP, and SSR-SNP) linkage maps.  
Linkage Map Construction: The R/qtl software (Broman et al. 2003) was used for the 
final construction of the three linkage maps. Although Mapmaker could have been used, 
R/qtl was more convenient and easier to use, and both software packages resulted in 
nearly equivalent maps. A genotyping error of 1 % was assumed in R/qtl for linkage 
distance estimation. In R/qtl, the parameter of linkage distance (r) between flanking 
markers was estimated by MLE method with EM algorithm (Lander and Green, 1987). 
The default iteration maximum number was 10,000, and 1e
-06
 was used as tolerance value. 
The Kosambi mapping function was used in the construction of each of the linkage maps. 
Three linkage maps (266 SSR + 4 classical, 481 SNP, and 266 SSR + 481 SNP + 4 
classical) were constructed. Hereafter, I will refer to these three maps as the SSR map, 
SNP map, and SSR-SNP map, respectively. 
Linkage Map: The plotting of marker order in each map was accomplished by using the 
R/qtl function, „plot.rf‟. This function plotted a grid showing the recombination fractions 
for all pairs of markers, and the LOD scores for tests of linkage between pairs of markers 
based on argument options. Recombination fractions were transformed by -4*(log2*(r) + 
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1) to fit these on the same plotting scale as LOD scores in the plots of both parameters. 
Values of LOD or the transformed recombination that were above 12 were set to 12. The 
software WinQTLCartographer 2.5 (hereafter referred to as WinQTL) was also used to 
construct the named-marker linkage maps, using two files, *.cro and *.map that were 
derived from R/qtl.  
Marker Ordering: The initial marker order determined by R/qtl in each of the three H x 
C linkage maps was quite similar to the marker order in the soybean maps published by 
Song et al. (2004) and Hyten et al. (2010). Still, the marker order in each LG of each map 
was tested with the R/qtl „ripple‟ command with window size of 3 (instead of 6) to lessen 
the burden of long computation times. R/qtl was used because „ripple‟ and „compare‟ 
commands of Mapmaker were not easy to repetitively implement. To estimate linkage 
distance (r) and cross over interference (c), the MLE method with EM algorithm was 
used to compare likelihood of original marker order with likelihood of new marker order. 
The MLE method was used with EM algorithm. For marker ordering purpose, a 
genotyping error of 1 % was assumed. The default iteration maximum number was 
10,000 and 1e
-06
 was used as tolerance value. 
Other Genotypic Data Evaluation Tests: The χ2 goodness of fit test was conducted to 
detect deviation from the expected 1:1 Mendelian assortment of A:B genotypes in each of 
751 markers of the SSR, SNP and classical marker types. A single comparison Chi-
square Type I false-positive error of α = 0.05 was not suitable for such multiple Chi-
square testing. Therefore, a Bonferroni correction was applied to arrive at suitable 
experiment-wise significance criterion. The Bonferroni-adjusted significant α criterion 
was set to 6.65779e
-05
 (i.e., 0.05 / 751).  
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       RIL marker A and B coding can be inadvertly inverted in SSR marker analyses. To 
check for this error, the „checkAlleles‟ function in R/qtl software was used. In addition, 
to determine if any pair of individuals in the RIL population had identical or near-
identical marker genotypes (suggesting some sort of duplication error – DNA sample mix 
between two RILs), the R/qtl function, "comparegeno", was used to compare all possible 
pairs of RILs for their degree of marker genotype identity. 
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Results & Discussion 
Genotypic Data 
Segregation Distortion: A small number of markers with segregation distortion can 
occur solely in any marker-genotyped population due to chance alone. However, if some 
markers exhibit non-Mendelian assortment due not to chance, but instead due to 
genotyping errors, the segregation distortion could affect linkage map construction and 
ultimately QTL analyses.  
       Fig. 1-1 shows the P-values obtained for the 1:1 segregation ratio Chi-square tests for 
all 751 markers, which are arranged on the horizontal axis in marker order within each 
successively ordered LG. Because P-values were too small for visually effective graphing, 
all observed P-values and the Bonferroni-adjusted threshold P-value were transformed 
into log10 values. The graph revealed nine markers with statistically significant 
segregation distortion: Sat_356 on LG A1, BARC-031281-07037 and Satt126 on LG B2, 
and BARC-050013-09288, Satt581, BARC-015925-02017, Satt153, BARC-028651-
05984, and Satt243 on LG O.  
       The markers showing segregation distortion were re-examined by reviewing gel 
photo results to rule out human genotyping errors, but no such errors were obvious. In 
LG O, the six markers surrounding the classical marker locus, E2/e2 for late/early 
maturity showed segregation distortion. RIL genotypes scored as AA were greater in 
number than those scored as BB. Here, the segregation distortion was likely due to an 
inadvertent selection bias of Dr. Cregan during generation advance that resulted from 
waiting for the entire population to mature before gathering plants to thresh for the next 
generation advance. Early maturing plants probably had weathered too much and thus 
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likely not chosen for advance in favor of less weathered plants. As for the other 
segregation-distorted markers, parental alleles at loci encoding a slight mortality-
difference during generation advance could have led to segregation distortion, though this 
is speculative. Interesting the eight F1-derived RIL families were examined separately for 
segregation distortion, and a few families did not show distortion at these marker loci. Of 
course, the segregation distortion could still be simply due to chance, even at the 
Bonferroni-adjusted alpha level, given that the P-values were quite close to the 
significance criterion.  
A or B Code Mis-phasing Check: An inversion of A and B coding would result in 
markers with many double-recombinants. Test results using R/qtl command to check for 
this error showed that there were no SSR, SNP, or classical markers with an erroneous 
inversion of A for B coding. 
RIL Genotype Identity: Fig. 1-2 shows the distribution of all possible pairs of 300 RILs 
relative to their paired genotypic identities. One pair of RILs, # 47 (10
th
 RIL in the B F1 
family) and # 84 (7
th
 RIL in the C F1 family) was the most (but not completely) identical 
in terms of genotypes at the 751 markers (the black arrow in the graph shows the location 
of this pair of RILs, #47 and #84). Note that most RIL pairs fall in the range of 0.3 to 0.7 
with a mean of 0.5. The reason why RIL pairs have the mean of 0.5 is as follows: for 
example, if we consider only one locus for pair of RILs, those two RILs could be both 
AA & AA, or BB & BB, or else AA & BB or BB & AA. Thus, the expected mean 
probability that two RILs have the same genotype in a locus is 0.5. Note that there were 
about 17 RIL pairs with genotypic identities greater than 0.7. Whether these are random 
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chance outliers or the result of inadvertent advance of the two F6 plants from the same 
F5:6 row is not known.  
Family-Specific Marker Monomorphism: As described in the Material and Methods 
section, eight F1:2 families of RILs were derived from the eight matings of unique eight 
separate Harosoy plants with eight separate Clark plants. The identity of eight F1:2 
families of 35 ~ 40 F2 plants was retained during the generation advance to the 300 RILs. 
Interestingly, some marker loci (SSR or SNP) were genotypically monomorphic for 
either an A or a B genotype in each RIL of a given family or two or more given families 
of the eight total families (Fig. 1-3). This was a surprising finding given that these loci 
were parentally polymorphic, and was also polymorphic in the other families.    
       The family-specific monomorphic A or B genotypes had to be manually converted 
into missing values using a dash (-) code, since such monomorphism would result in a 
false declaration of segregation distortion for these markers. Fig. 1-3 shows the 
monomorphism as short (or long family-specific colums of LGs A2, C1b, D1a2, H, and 
I2. Only in these LGs was family-specific monomorphism pattern in H x C population 
detected in the SSR-SNP map of 751 markers. The loci of LG I, in particular, exhibited 
monomorphism for all but one or two families when compare to other LGs. 
       The reversion of one parental SSR allele to the other could arise in the F1 
heterozygotes, as a result of an unequal chromosome pairing of the tandem repeat unit in 
those SSR alleles. It is well known that SSR alleles are not 100% stable over multiple 
generations of reproduction. Assuming that there is no abnormal chromosome paring, an 
explanation for a shortening of a core motif present to the same length as that of the other 
parent is difficult to explain. 
33 
 
       Based on the Holliday model (Holliday, 1964), homologous chromosome paring 
occurs as a first step. At this time, two sister chromatids are replicated at each 
homologous chromosome after replication phase. At the cross-over step, random 
breakages occur and broken homologous chromosomes undergo reunion. Finally, 
potential gametes are produced. However, Holliday (1964) observed two kinds of 
potential gametes. One was expected recombinant type and the other was unexpected 
recombinant type in which the same allele was present in both types. This gene 
conversion event was due to a malfunctioning DNA repair mechanism. In heteroduplex 
formation (after holiday junction is horizontally cut) during the meiosis, enzyme related 
with DNA repair mechanism replicate sequence of different chromosome with original 
one. Therefore, monomorphism event of SSR alleles might be happened by gene 
conversion.  
       A SNP monomorphism pattern also can be explained by gene conversion. If the 
enzyme responsible for DNA repairing makes an error during the process, gene 
conversion occurs. However, to explain family-specific monomorphism, it would have to 
happen in every gamete produced by the F1 parent of that family. The previous studies 
reported that the DNA repair rate or gene conversion rate is very low. So one would not 
expect it to occur in all progenies. Perhaps there is some other unknown method of gene 
conversion that is high frequency. In any event, the family-specific gene conversion seen 
here is quite a unique observation that is worthy of further research as to its mechanism.  
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Linkage Mapping  
Linkage Grouping: All 751 markers genotyped in the H x C population of 300 RILs 
coalesced into their „correct‟ LGs. The word „correct‟ here reflects a comparison of the H 
x C marker-to-LG assignment with the equivalent assignments reported for the H x C 
SSR and SNP marker set in the peer-reviewed publications of others. Fig. 1-4 shows a 
R/qtl produced graph of marker-to-marker linkage recombination fraction values (above 
the diagonal) and linkage LOD score values (below the diagonal) across the all LGs in 
SSR-SNP map. Fig. 1-5 shows more detail for those same values in just the first two LGs, 
A1 and A2. The explanation of the colored pixel patterns in Fig. 1-5 is as follows: A red 
square above and/or below the diagonal indicates that the two adjacent markers are 
tightly linked because of a small recombination fraction above the diagonal, and/or a 
large LOD score below the diagonal for linkage grouping, whereas a blue square 
indicates that the two adjacent markers are not linked (i.e., a small LOD score or a large 
recombination fraction. Within each LG segment of the diagonal, if the red squares align 
continuously in nearly square "blocks" next to each other along the diagonal line, then the 
markers are likely assigned to a current LG (with respect to grouping maximum 
likelihood criteria). Missing values (if any) appear in light gray color. Based on linkage 
grouping and linkage plotting in R/qtl, all 751 markers in H x C population had correct 
assignments to their respective.  
Marker Ordering: In case of SSR map, the marker order was compared to that of the 
version 2.0 map (Song et al., 2004). In case of SNP map or SSR-SNP map, the marker 
order was compared to that of consensus map version 4.0 (Hyten et al., 2010).  
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       The interpretation of marker order results is as follows: For example, if a LOD value 
of original linkage map order (previously published soybean linkage map order) in a 
given linkage group was 0, and a LOD value of compared linkage map order (H x C 
linkage map order) was 4.0, then the probability of the H x C linkage map order is 10
4 
times greater than the previously published original linkage map order. Marker orders in 
the SSR, SNP, and SSR-SNP maps in H x C population compared quite well with 
previous reported soybean map orders. However, there were instances in which a two- or 
three-marker set in a given LG in the H x C map had a different marker order that that 
determined by other researchers in other mapping populations.  
       The H x C marker order might be expected to be of higher confidence than the 
marker order of other soybean maps because of the large number of H x C RILs (i.e., 
300). The H x C SSR linkage map was constructed by using only co-dominant markers 
whereas the Song et al. (2004) was composed of both dominant and co-dominant markers, 
and was a derived consensus marker order based on multiple populations for which the 
genotyping error percentage is not known. None of those other populations had large 
numbers of individuals, and most individuals had many missing marker genotype cells.  
       It should be noted that H x C linkage maps were constructed assuming 1 % 
genotyping error using the multiple-locus model. Marker order differences between the H 
x C marker order and prior soybean map marker order were limited to comparisons of 
two or three adjacent markers located in individual LGs.  
       Even though the same method for marker ordering is used, hypothesis tests about 
marker order can only be performed on common markers present in the compared 
mapping populations. In addition, different marker ordering methods were used for H x C 
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linkage map and previous soybean maps, even though the same mapping function 
(Kosambi function) were used at all linkage maps to constrain the coefficient of 
coincidence (C) (Lathrop et al., 1987). 
Final SSR Linkage Map: Fig. 1-6 shows the marker-to-marker positions in the H x C 
map for the 266 SSR markers and four classical markers, after completion of marker 
ordering. Figs. 1-7a and 1-7b also show the some SSR linkage map (produced by 
WinQTL), but this map includes the SSR marker names.   
       Six LGs, specifically C1, D1a, E, F, and K, had two or three sub-linkage groups 
(sub-LGs) that could not be joined due to the lack of parental SSR marker polymorphism 
in the intervening regions. Marker Sat_140, which is the only marker member of LG C1b, 
did not join with its either of flanking sub-LGs (shown in Fig. 1-7a but not Fig. 1-6), 
perhaps because of unobservable erroneous RIL genotypes for this marker. The total 
summed length of this SSR marker linkage map was 2,242.7 cM. The version 4.0 
consensus soybean linkage map has a map distance of 2,296.4 cM. In the SSR map, LG 
D1b had the longest map length (167.25 cM) of all LGs. The average marker-to-marker 
distance was 8.31 cM (2,242.7 cM / 270). In most cases, the marker-to-marker distances 
were less than 20cM, but in some cases, were greater than 30cM. 
Final SNP Linkage Map: Fig. 1-8 shows the marker-to-marker positions in the H x C 
map for the 481 SNP markers, after completion of marker ordering. Figs. 1-9a and 1-9b 
show the some SNP linkage map (produced by WinQTL), but this map includes marker 
names. The SNP markers are identified here only by a 5-digit subset of the middle of 
their fully digitized BARC name (to reduce the amount of textual clutter in the Figures). 
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       Nine LGs, specifically A2, B1, C1, C2, D1a, F, I, J, and N had two or three sub-LGs 
that could not be joined due to the lack of parental polymorphic SNP markers in the 
intervening regions. The single markers, BARC-054349-12493 and BARC-035199-
07136 which were the only markers of LG C2a and D1a1, did not join their flanking sub-
LGs, even when a LOD 1.0 grouping criterion was used. The total length of 481-SNP 
marker linkage map was 2,021.8 cM which was somewhat shorter than the 270-SSR 
marker map discussed earlier. LG D1b had the longest map length (148.05 cM) of the 
LGs and was also shorter than SSR map LG D1b. The average marker-to-marker distance 
was 4.20 cM (2021.8 cM / 481). Because there were more SNP markers (481) than the 
available SSR markers (266), about 1.8 times more for linkage mapping, the SNP map 
would be considered to be more saturated. However, comparison of Fig. 1-6 with Fig. 1-8 
indicates that the SNP map had more „marker-clustering‟ than the SSR map. One cause 
of this was that it was difficult to select uniformly spaced (and potentially polymorphic) 
SNPs for the USLP 1.0 version, given that only a limited number of total SNPs were 
available at the time (Hyten et al., 2010). The USLP 1.0 1,536 SNP marker set was 
designed based on SNP marker genotyping of 96 Glycine soja accessions and 96 Glycine 
max elite cultivars. That is, since H x C population is G.max x G.max type of population, 
genetic diversity of H x C population relative to SNP marker might be limited relative to 
the SNP markers chosen for the USLP version 1.0 marker set.  
Final SSR-SNP Linkage Map: Fig. 1-10 shows the marker-to-marker positions in the H 
x C map for all 751 markers. Figs. 1-11a and 1-11b show the same linkage map 
(produced with WinQTL), but this map includes marker names. 
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       Five LGs, specifically C1, D1a, F, I and N, still had two sub-LGs that could not be 
joined despite the large number of polymorphic SSR and SNP markers. However, note 
that Sat_140 on LG C1b, BARC-054349-12493 on LG C2a, and BARC-035199-07136 
on LG D1a1, in the SSR or SNP map joined with their LG partner markers in the SSR-
SNP map. The total length of SSR-SNP map was 2,889.4 cM, with LG C2 having the 
longest map length (215.76 cM) of the LGs. Many of the marker-to-marker gaps greater 
than 20 cM in the LGs of the SSR map or LGs of the SNP map, were mitigated to smaller 
gaps when the two marker types were joined into one map. However, some gaps greater 
than 20 cM still remain in the combined map (Fig. 1-10). The average marker-to-marker 
distance in the SSR-SNP map was 3.85 cM (2,889.4 cM / 751), which was not decreased 
much by adding the 266 SSR markers to the 481 SNP marker map (2021.8 / 481), 
because the addition of those 266 SSRs also increased (i.e., inflated) the map length.  
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Summary 
       The SSR, SNP, and SSR-SNP linkage maps were constructed using the H x C 
population of 300 RILs. A total length of 270-SSR marker linkage map was 2,242.7 cM 
and had an average marker-to-marker distance of 8.31 cM. In 481-SNP marker linkage 
map, a total length of map was 2,021.8 cM and the average marker-to-marker distance 
was 4.20 cM. The SNP map with its greater number of markers is obviously more 
saturated than SSR map. However, the SNP markers were not well uniformly distributed 
relative to the number of marker (481) with many SNP marker clusters evident in the 
SNP map. Even though SNP markers are more clustered, the joining of the SSR markers 
with the SNP markers resulted in an even more saturated map. This SSR-SNP map had 
greater distance relative to SSR or SNP. This is to be expected because new markers, 
when positioned between two existing flanking markers, will identify heretofore 
unidentified recombination events. The SSR-SNP map still sub-LGs, but the average 
marker-to-marker distance (3.85 cM) was half that of the SSR map, but only modestly 
smaller than that of the SNP map. Moreover, the combined map still had some map gaps 
greater than 20 cM. The reason why SNP markers are more clustered was that it was 
difficult to select a uniformly spaced set of 1,536 SNPs for the USLP 1.0, when only a 
few thousand had been identified at the time. The USLP 1.0 version set of 1,536 SNPs 
was based SNP polymorphism across 96 landraces and 96 elite cultivars. Therefore, for 
SNP genotyping of population of the G.max x G. max mating type, a newer version of a 
USLP 1,536-SNP set will be needed in the future to ensure better SNP spacing in elite x 
elite matings.  
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       The H x C linkage map had a more confident marker ordering than that of other 
soybean maps due to it‟s the large population size (300), population type (F6-derived 
RILs), the use of only co-dominant markers, and an effort aimed at minimizing 
genotyping error. In SSR assay for H x C linkage map, even though much time and effort 
was required to verify prior heterozygote and missing genotype calls, this effort was 
worth achieving greater confidence in the final SSR linkage map. The GoldenGate assay 
for SNP genotyping was very effective in genotype calls, with an observed heterozygote 
frequency of 2.36 %. The one-time multi-plex SNP assay was quite quick (3-day), despite 
the lack of follow-up possible with missing data cells.   
       One of the interesting discoveries in this research was the discovery of F1 family-
specific monomorphism. Because the identity of eight F1:2 families of 35 ~ 40 F2 plants 
was retained during the generation advance to the 300 RILs, this family-specific 
monomorphism was clearly distinguishable from general segregation distortion. It is 
possible that other geneticists, working with non-pedigree F1 descended RILs, may have 
reported marker segregation distortion in those RIL populations that was perhaps due to 
F1 family-specific monomorphism. The mechanism by which this monomorphism is 
created is not known, but deserves further study.    
       The monomorphism could be explained by gene conversion. Of course, in case of 
SSR marker, an unequal chromosome pairing might generate monomorphism. The gene 
conversion theory was based on the Holliday model. The key issue was DNA repair 
mechanism after heteroduplex formation. In heteroduplex formation (after holiday 
junction is horizontally cut) during the meiosis, enzyme related with DNA repair 
mechanism replicate sequence of different chromosome with original one. In this case, 
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mnomorphism event of SSR alleles might be happened. In addition, if the enzyme 
responsible for DNA repairing makes an error during the process, a SNP allele present as 
polymorphic in the parents might be converted, thereby creating monomorphism. 
       Nine markers showed segregation distortion. Three markers on LGs A1 and B2 were 
also rechecked out at the F1 family level and with gel photograph results. The 
segregation distortion of three of the nine markers might be due to chance. In LG O, the 
segregation distortion was likely due to an inadvertent selection bias during generation 
advance since the markers showed segregation distortion surround the classical marker 
locus (E2/e2). In particular, genotypes scored as AA at these markers on LG O were 
greater than those scored as BB. This could be explained that many RILs were lately 
matured to select during generation advance. Interestingly, a few of the eight F1-derived 
RIL families did not show segregation distortion at these marker loci.  
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       Fig. 1-1. Chi-square test probabilities for segregation distortion with respect to the 751  
                     markers that were polymorphic in the Harosoy x Clark population of 300 RILs. 
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Fig. 1-2. Degree of genotypic identity among all possible paired RILs in the Harosoy x Clark 
               population of 300 RILs genotyped for 751 SSR, SNP, and classical markers. 
 
 
 
 
 
 
 
Degree of Genotypic Identify Between All possible Paired RILs 
Fractional Genotypic Identity 
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    Fig. 1-3. Missing genotypes and family-specific monomorphism detected in the 300 RILs 
                   of Harosoy x Clark population that was genotyped with markers located on  
                   linkage groups, A2, C1b, D1a2, H, and I2. 
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    Fig. 1-4. Recombination fractions (upper diagonal) and LOD scores (lower diagonal) for  
                  tests of linkage between successive pairs of ordered markers in the SSR-SNP map,  
                  plotted by LG from  A1 to O. 
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   Fig. 1-5. Recombination fractions (upper diagonal) and LOD (lower diagonal) scores for 
                  tests of linkage between successive pairs of markers in just the first two LGs 
                  A1 and A2. This figure is a subset of Fig. 1-4 and is shown to illustrate more of  
                  the pixel detail. 
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    Fig. 1-6. Final SSR linkage map in the Harosoy x Clark population of 300 RILs after 
                    final SSR marker ordering. Note that the sub-LGs of LGs C1, D1a, E, F, K, and  
                     N do not join at a LOD score value of 3.0.  
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Fig. 1-8. Final SNP linkage map in the Harosoy x Clark population of 300 RILs after final 
               SNP marker ordering. Note that the sub-LGs of LGs A2, B1, C1, C2, D1a, F, I, J, 
               and N do not join at a LOD score value of 3.0. 
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Fig. 1-10. Final SSR-SNP linkage map in the Harosoy x Clark population of 300 RILs  
                   after final SSR-SNP marker ordering. Note that the sub-LGs of LGs C1, D1a 
                   F, I, and N do not join at a LOD score of 3.0.  
 
 
 
 
 
 
SSR-SNP linkage map 
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Chapter 2 
Selective Mapping in a Harosoy x Clark Population 
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Introduction 
       As state-of-the-art robotic molecular techniques for marker assay are developed, 
population genotyping is becoming more efficient and less expensive for the research 
geneticist and breeder. The new methods will be very valuable in QTL detection and 
mapping experiments. Genotyping costs based on the new technologies are expected to 
become quite less in the near future. In contrast, phenotyping costs still remain quite high, 
and phenotyping is often laborious and tedious. Although some plant phenotypes such as 
plant height and 100-seed weight may not be very expensive to measure, the 
measurement of these traits can be time-consuming. Moreover, in the case of complex 
phenotypes such as microarray, HPLC, and GC data, the phenotypic costs can be quite 
burdensome for breeders or population genetists. Moreover, large population sample 
sizes (i.e., n > 1,000) are required in QTL experiments to avoid selection bias (Broman 
and Sen, 2009), which is also known as the Beavis effect (Beavis, 1998). Therefore, large 
populations mean even greater phenotyping costs which could be burdensome on a QTL 
mapping budget. 
       In some cases, it may be desirable to phenotype only a “selected” portion of a 
genotyped population. The selected fraction of the population would consist of only the 
best subset of individuals that would have an optimal number of recombinants relative to 
a “random” subset of the same number of individuals. It was presumed that the H x C 
population of 300 RILs might be used in the future as a resource for mapping 50,000 
more SNPs. However, not all 300 RILs would likely be used for this purpose, and most 
likely only the “best” 94 RILs plus the two parents would be used. Therefore, it was of 
interest to identify the “best” 94 of the 300 RILs for that possible future SNP genotyping. 
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Selective and bin mapping approaches described by Brown et al. (2000) seemed to be the 
best means of accomplishing this objective.  
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Literature Review 
Cost-Effective Mapping Strategies: It is natural that the degree of QTL detection in 
small population size is decreased compared to the degree possible in larger sample. 
Therefore, a key issue is how large of a sample is needed for a QTL experiment. Because 
QTL mapping is based on association between markers on a linkage map and the genes 
preserved to govern the expression of the phenotype, statistical power is of utmost 
importance. In addition to sample size, it is also clear that marker density, marker type, 
population type, missing data, and genotyping and phenotyping error are among the key 
factors affecting statistical power. Heritability, QTL allele substitution effect, and 
threshold detection values also affect QTL detection.  
       In general, greater marker density is needed to achieve greater precision with respect 
to mapping resolution of the QTL position (Darvasi et al., 1993). Consideration of 
statistical methods can be another way to increase statistical power. Zeng (1994) 
suggested a method, now referred to as composite interval mapping, in which other 
putative QTLs were used as covariate in regression analysis in single QTL models. In 
addition, Jiang and Zeng (1995) used multiple-trait analysis to increase mapping 
resolution relative to the QTL allele substitution effect.  
       If sample size is to be decreased, because of phenotyping costs, it should be done in a 
manner that minimizes the loss in statistical power. There are two routes for achieving 
cost-efficiency in QTL mapping strategies. The first one is called selective genotyping 
(Lander and Bostein, 1989), also known as phenotypic tail analysis, in which only the 
phenotypic extremes of the population are genotyped. However, this approach is used 
when the phenotypic costs are low relative to the genotypic costs. The second one is 
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called selective mapping (Brown et al., 2000), in which the population is first genotyped, 
but then only non-redundant genotypes are selected for phenotyping. This approach is 
used when the genotypic costs are not as burdensome as the phenotypic costs. Both 
mapping strategies are well suitable for QTL detection experiments.  
       Selective genotyping has one disadvantage in that only one trait can be 
accommodated, because only individuals with contrasting extreme values for that trait are 
selectively genotyped. Individuals in the same population selected for extreme values of a 
different trait would not be the same ones, unless the two traits were very highly 
correlated. Despite that disadvantage, Ayoub and Mather (2002) reported that the number 
of progeny needed to identify QTLs for many traits in a barley population of RILs using 
selective genotyping was 30 % less than what was used in a interval mapping method 
using whole population to identify the same QTLs. In other words, only 70 % of the 
entire population could have been used to selectively genotype all of the traits.  
Selective Mapping: A selective mapping strategy focuses on genotype information first. 
It is assumed that the phenotyping will be performed on the individuals identified in the 
selective mapping project. As all information for estimation of linkage map distance and 
QTL effects are determined by cross-over events between flanking markers, 
recombination events are a key consideration with selective mapping. Doerge (2002) 
reported that the number of recombination events was proportional with sample size. 
Soller et al. (1976) reported that QTL detection depends on the number of recombination 
events between the closest flanking markers surrounding the putative QTL. This meant 
that the construction of high density whole-genome map is essential for linkage and QTL 
analysis. Brown et al. (2000) suggested that a “selected” sample of RILs based on 
61 
 
genotype information was better than a random sample of the same size for use in high-
density mapping experiments. They introduced a computer algorithm to select the best 
subset of RILs.  
       After these new algorithms were updated, Vision et al. (2000) proposed the concept 
of selective (and bin) mapping. The most important element in these mapping strategies 
was to choose a high-resolution mapping sample of recombinant individuals from a larger 
population. The selected sample is then used to construct high-confidence framework 
linkage map (i.e., the first step known as selective mapping) such that this map can be 
used to densely map additional new markers (i.e., the second step known as bin mapping). 
Selective and bin mapping have an advantage in that non-useful individuals are not used 
for subsequent genotyping (with more markers) or for subsequent phenotyping. Bin 
mapping can result in a useful high-resolution genetic map.  
       Vision and his co-workers developed a computer software program known as 
MapPop for use in this regard. Selective and bin mapping to identify the best subset of 
recombinants is attainable with the MapPop software with the use of three kinds of 
evaluation statistics, average bin length (ABL), maximum bin length (MBL), and sum of 
squares of bin length (SSBL). MBL and SSBL are generally the preferred statistics, since 
use of the ABL statistic can lead to long bin length outliers.  
Application of Selective Mapping: Using various algorithms, the best sample size, the 
number of cross-overs, and the maximum bin length were identified in sample 
recombinant data sets of Arabidopsis, barley, human, maize, mouse, rice, tomato, and 
zebrafish (Vision et al., 2000). Howad et al. (2005) constructed a reference map for the 
Prunus genus using only six plants that were selected as the best subset of a large F2 
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population from an almond x peach mating for subsequent bin mapping. Interestingly, 
these authors also used visual inspection to remove additional genotypically identical 
bins when selecting the final subset of six plants. Finally, they bin-mapped 264 SSR 
markers onto this 6-plant selective reference linkage map. Sargent et al. (2008) also used 
selective mapping to construct reference map for the Fragaria genus (strawberry). Like 
Prunus reference map, they also used 6 plants as the best subset of F2 individuals derived 
from a Fragaria Vesca 815 x Fragaria nubicola 601 mapping population. They also 
found new bins using novel markers. Birolleau-Touchard et al. (2007) selected the best 
subset of 100 lines in an advanced backcross population. They then tested phenotypic 
distribution and gene frequency and constructed linkage map in selected sample. In the 
selected sample, the phenotypic distribution was well matched with that of the reference 
population. In addition, even though donor allele frequency was increased in selected 
sample, this sample subset was useful to investigate QTLs.  
QTL Effect of Selective Mapping: The QTL additive effect size is better estimated in 
high-resolution linkage map. While selective mapping can generate a high-resolution 
linkage map, it leads to a population size smaller than that of the original population. It is 
known that QTL effects are over-estimated in a small population sizes because of the 
Beavis effect (Beavis, 1998). However, Xu et al. (2005) reported that the Beavis effect 
arising from a population size reduction is not necessarily increased proportionally, 
unless the population reduction is very severe. Moreover, if the marker density is less 
than 10 cM between the flanking markers containing QTLs is increased in the selected 
sample, then QTL detection power and precision is higher (Xu et al., 2005). Even though 
the minimum detectable additive effect could become a little larger in the selected sample, 
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QTL detection power should be higher and confidence interval for QTL location would 
be more precise.  
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Material & Methods 
Selective Mapping Software: MapPop software (Brown et al., 2000) was used for 
selective mapping. Three evaluation statistics, average bin length (ABL), sum of the 
squares of the bin length (SSBL), and maximum bin length (MBL), were used to identify 
the best subset of RILs, based on a minimized bin length. However, because SSBL is 
approximately proportional to expected length of bin (EBL) containing a marker chosen 
uniformly at random, EBL was used here instead of SSBL. In addition, since EBL is a 
more robust method for selective mapping with a sparse framework map than is MBL 
(Vision et al., 2000), EBL was used as the evaluation statistic in the simulation approach 
and all linkage maps in H x C population. A random greedy algorithm was used, along 
with a genotyping error probability of 1 %.  
Simulation Approach First with MapPop Software: Brown and Vision (2000) 
recommended in their manual that it was essential to first check out iteration times and 
the interval of a single iteration for the convergence of minimized SSBL mainly to access 
the processing ability and capacity of the computer to be used (in this case my laptop). 
The current MapPop options were reset by „SET‟ command. The „SIMFRAME‟ 
command was then used to load a simulated framework map. Unlike real data, MapPop 
takes only one genome-sized linkage group into account during the simulation approach. 
The „SAMPLEEXP‟ or „SAMPLEMAX‟ commands were used to find the best subset of 
lines under simulation approach.  
       The „SIMFRAME‟ command uses the parameters; population size, genome length, 
the number of marker, even, and a random seed number. Because the actual numbers of 
lines were 300, value of 300 was used for the population size parameter. Because the 
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total length of the soybean genetic map is generally considered to be about 2,500 cM, 25 
Morgans was used for the genome length parameter. Framework markers were assumed 
to be spaced every 20 cM, when considering statistical power. Even though the actual 
markers in H x C population were not evenly spaced, markers in this simulation approach 
were uniformly distributed along one linkage group and a zero value was used for even 
parameter. The number 123456 was used as a random seed number. Therefore, the whole 
„SIMFRAME‟ command used in MapPop is as follows: SIMFRAME 300 25 .2 0 123456. 
       The „SAMPLEEXP‟ command was used to determine iteration number and time for 
a single iteration based on reset parameters. The „SAMPLEEXP‟ command requires 
sample size, run time, and choice parameters. A sample of size of 94, a 300 sec time 
(default value), and a choice value of 5 was chosen. The following command was used: 
SAMPLEEXP 100 300 5.  
       The EBL value was estimated using different „Time‟ parameter values (from 100 to 
400). The simulation results showed the same EBL (0.0184737 map units ≈ 1.85 cM) 
when 100, 300, or 400 was tested as a time parameter. The number of iterations ranged 
from 957 (100 sec) to 3795 (400 sec). Consequently, 300 sec was chosen for the 
convergence to the minimized expected bin length. To generate the best subset of 94 
RILs in H x C population, the following command was used: SAMPLEEXP 100 300 5.  
Data Checking and Manipulation using Actual Data: Selective mapping was conducted 
with the actual marker data used for the SSR, SNP, and SSR-SNP linkage maps of the H 
x C population. Brown et al. (1999) reported that the estimated EBL of a sample could be 
overestimated in sparse map. However, the SSR and SNP maps here would not be 
considered to be sparse density maps.  
66 
 
       There was one additional consideration. If many breakpoints or cross-over events 
existed in some long marker-to-marker intervals, the unrevealed breakpoints in that 
interval might result in unsuitable resolution map. Vision et al. (2000) suggested two 
options in his manual. The first was to close those gaps by genotyping the population 
with polymorphic markers located in those gaps. However, this option could not be used 
in the H x C population due to the unavailability of any more SSR marker polymorphism. 
Moreover, no further assay of SNP markers was possible. The second option was not to 
artificially break a given LG into its sub-LGs when the markers flanking the gap between 
the sub-LGs provided any information content. This option was used in the H x C 
population.   
       Based on linkage estimation and linkage grouping in MapMaker, division of LGs 
into sub-LGs was mitigated for MapPop analysis by using a map gap criterion of 100 cM. 
If the gap separating two flanking sub-LGs was greater than 100cM between flanking 
markers, the sub-LGs were kept separate. In the SSR map, this resulted in two sub-LGs in 
LG F, (i.e., LGs F1 and F2). In the SNP map, two sub-LGs were required for LG D1a 
(D1a1 and D1a2), for LG F (F1 and F2) and for LG N (N1 and N2). In SSR-SNP map, 
the only LG requiring two sub-LGs was LG F (F1 and F2). Note that the selective 
mapping work conducted here was limited to just the „selective mapping‟ step (i.e., 
identifying the best subset of 94 RILs), since „bin mapping‟ would require adding new 
markers to the framework map, and that would not occur until a soybean 55-K SNP chip 
becomes available for this purpose. 
The 94-Selected RILs v.s. 94-Random RILs: The sample subset size of 94 was of in 
interest for future bin mapping project, primarily because a 96-well PCR plate is the 
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general container used in multi-plexed PCR reactions (i.e., 94 RILs plus the two parents, 
Harosoy and Clark). In addition, for comparison purposes, a random subset of 94 RILs 
was selected using an Excel random selection program. These random 94 RILs were 
chosen from by stratified sampling of each F1-derived RIL family (i.e., 11 or 12 RILs 
randomly chosen from each family).  
The Number of Cross-over: The „Statistics Window‟ submenu in „Chromosome View‟ 
menu of Map Manager QTX (Manly, 2001) was used to count how many cross-overs 
were evident in each LG of either the 94 RILs of the selected subset or the 94 RILs of the 
random subset. It was not included crossovers whose position is ambiguous because of 
missing data.  
Linkage Mapping: As described in the Material & Methods section of Chapter 1, SSR, 
SNP, and SSR-SNP maps were constructed for each of the two RIL samples (selected 
and random) using R/qtl software.  
Other Genotypic Data Evaluation: The investigation of marker ordering, the segregation 
distortion, erroneous marker coding, and identical marker genotypes were conducted in 
R/qtl as previously described in Chapter 1.  
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Results & Discussion 
Identification of the best RIL Subsets: Selective mapping was executed to identify 
relationship between the best subsets of n RILs (where n < 300) and the EBL values for 
those subsets based on the three SSR, SNP, and SSR-SNP linkage maps possible in the H 
x C population. In addition to the desired best subset for n = 94, MapPop software was 
also used to generate alternative best subsets of alternative n sizes.  
       Table 2-1 shows the EBL for each selected n sized subset of RILs for each marker 
type of linkage map. The n value for the RIL subset size was step-changed from 250 to 5. 
Fig. 2-1 shows the relationship between the number of RILs in a best subset and the EBL 
computed for that subset number for each of the three marker type maps. The EBL value 
decreased exponentially as the selected sample size increased (up to the size limit of 300 
RILs in the base population size). The pattern was consistent in the SSR and in the SNP 
maps relative to the SSR-SNP map. Indeed, the ratio between the EBL for the selected 
sample size (n) and the EBL for the base population size (300) approached unity as the 
selected sample size was increased to its limit of 300. Brown et al. (2000) defined this 
ratio as the mean performance ratio. These results for the H x C three marker type linkage 
maps were consistent with those Brown et al. (2000) reported in their simulation study.  
       Note that the EBL values in the SSR and SNP maps do not differ significantly from 
EBL value of the SSR-SNP map (Table 2-1). While the EBL (15.7 cM) of SNP map was 
smaller than that (15.8 cM) of SSR map at very small selected sample size (size was 5), 
the EBL of SSR map was smaller than that of SNP map at all other selected sample sizes. 
This was due to the greater non-uniformity in the distribution of SNP markers. All EBLs 
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of the SSR-SNP map were smaller than those of SSR or SNP map regardless of the 
selected sample size, primarily because of the greater marker density.  
Identity of 94 RILs in the Selected and Random Subsets: The best identified subset of 
94 RILs had an EBL of 1.10 cM in SSR-SNP map with MapPop (Table 2-1). Table 2-2 
shows RIL ID numbers for the best subset of selected 94 RILs. The RIL ID numbers in 
parenthesis represent RILs chosen by simple stratified random sampling of each F1-
derived family. The best subset of selected 94 RILs included RILs chosen by MapPop 
from each of the eight F1-derived families of H x C population. However, RIL inclusion 
on a family basis was not equal. Family A contributed 19 RILs to the selected subset, 
which represented 51 % (19 / 37) of the RILs in that family and 20.2 % (19 / 94) of all 
RILs in the selected subset. In contrast, family H contributed only seven RILs, which 
represented 20.5 % (7 / 34) of the RILs in that family and 7.4 % (7 / 94) of all RILs in the 
selected subset. Apparently, the RILs of family A were more recombinant than were the 
RILs of family H. Notably, the first four F1-derived families, A, B, C, and D, contributed 
61.7 % of the 94 RILs in the selected subset.  
Comparison of the selected and random subsets of 94 RILs 
Number of Cross-overs: As mentioned earlier, a random set of 94 RILs was chosen for 
comparison to the selected subset of 94 RILs. The number of cross-overs in each LG of 
the selected 94 was greater than in the random 94 sample except for those LGs composed 
of only few one or very few markers (Fig. 2-2). Because of the greater number of 
recombinant events, the selected subset of 94 RILs identified with selective mapping has 
much greater resolution in terms of new marker placement and QTL positioning. The LG 
with the highest number of cross-over in both samples was LG D1a2.   
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Linkage Mapping: Fig. 2-3 shows the SSR-SNP linkage maps constructed using the 94-
selected RILs and 94-random RILs. The total map length for the selected 94 RILs was 
4,181.9 cM, which was about 1.5 times longer than the total map length (2,852.3 cM) for 
the random 94 RILs. The average marker-to-marker distance in the selected RILs map 
was 5.57 cM (4,181.9 cM/ 751). In the selected RIL map, the longest LG was C2 which 
had a map length of 331.5 cM.  
       In the linkage map derived for the 94-random RILs, the total length of the map was 
2,852.30 cM, which was close to the length (2,889.4 cM) of SSR-SNP map using all 300 
RILs depicted in Fig. 1-10. The average marker-to-marker distance was 3.80 cM (2,852.3 
cM / 751), which was close to the linkage map distance (3.85 cM) of 300 RILs. While 
LG C2 was the longest LG in the 94-selected RILs, the LG, G had the longest map length 
(208.1 cM) in linkage map of the 94-random RILs.  
       The expansion of the linkage map and the increase in average marker-to-marker 
distance at 94-selected RILs was due to the greater frequency of cross-over events in the 
selected RILs (see Fig. 2-1). However, the SSR-SNP total map length for the selected 94 
RILs was larger than expected. Again, the SSR and SNP maps were separately 
constructed using the 94-selected RILs (Fig. 2-4). The total SSR map length was 3,242.7 
cM and the average marker-to-marker distance was 12.01 cM (3,242.7 cM/ 270). The 
total SNP map length was 2,648.7 cM and the average marker-to-marker distance was 
5.51 cM (2,648.7 cM/ 481). The total length of SSR map was larger than that of SNP 
map even though the number of markers (270) in the SSR map is smaller than that of the 
SNP map. These results indicate that the SSR map has much more cross-over or double 
cross-over events compared with the SNP map. Therefore, the possibility that the SSR 
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map has genotyping error might be increased. Note that all genotyping cells of the prior 
SSR work were not re-examined.  
Marker Ordering: The sample size (94 RILs) of selected or random subsets was smaller 
than the base population size (300 RILs), so a marker ordering comparison was 
conducted using R/qtl. Marker order in the SSR-SNP map with 94-selected or 94-random 
RILs compared quite well (data not shown) with previous reported consensus map (Hyten 
et al., 2010).  
Segregation Distortion: There were no markers showing excessive segregation distortion 
in the 94-selected sample. However, in 94-random sample, two markers, Sat_356 (LG A1) 
and BARC-015925-02017 (LG O) were detected as having significant segregation 
distortion. The P-values of these markers were 0.000037 and 0.0000066, respectively. 
Bothe markers did, of course, exhibit segregation distortion in the base population of 300 
RILs (Fig. 1-1).  
Comparing individual genotypes: There were no pairs of RILs whose genotypes were 
identical over 90% in both either the selected or random samples of 94 RILs.  
Another Linkage Map  
Linkage Map of 100-selected RILs: A selected sample size of 100 RILs was also a 
convenient round numbered subset for comparison with a thrice bigger 300 RIL map. 
Therefore, a SSR-SNP map with 100-selected RILs was constructed. Figs. 2-4a and 2-4b 
show linkage map constructed with WinQTL.  
       A total length of this linkage map was 4059.9 cM. This length was 1.4 times longer 
than that of SSR-SNP linkage map constructed for the base population size (300 RILs). 
The LG, C2 had the longest map length (314.47 cM). The gaps of this linkage map were 
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the same as those of SSR-SNP linkage map based on base population size. The average 
marker-to-marker distance was 5.41 cM (4059.9 cM / 751).  
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Summary 
       The selective mapping procedure for framework linkage map construction provided 
selected subset of 94 RILs that had more recombinants than a random subset of 94 RILs. 
For the given sample size of 94 RILs, there were more recombinant bins in the selected 
RIL map, which would result in a higher resolution map for adding new SNP markers in 
the future. Because of the reduction in RILs from 300 to 94, the minimum detectable QTL 
effect will, of course, be larger, but the QTL detection power will not be proportionally 
reduced because recombinant numbers are higher in a selectively mapped 94-RIL sample 
compared to a 94-RIL random sample. Additional SNP genotyping with the selected 
subset of 94 RILs and two parents will be conducted when the 55-K SNP chip is 
available in the future.  
       The MapPop software provided the best subset of 94 RILs. All EBLs of the SSR-
SNP map were smaller than those of SSR or SNP map regardless of the selected n sample 
size. Of the F1-derived families in the H x C population, family A contributed a larger set 
of RILs to the selected subset of 94 RILs resulting in the high-resolution linkage map.  
       The higher frequency of cross-over events in the selected subset of 94 RILs resulted 
in an expansion of the linkage map resulting in a slight increase in the average marker-to-
marker distance. Relative to marker order, the SSR-SNP linkage maps constructed with 
the selected and random subsets of 94 RILs did not differ from each other of from the 
map constructed with all 300 RILs. In 94-selected sample, no markers showed 
segregation distortion. However, in 94-random sample, two markers, Sat_356 (LG A1) 
and BARC-015925-02017, showed the segregation distortion. Apparently, MapPop 
discriminates against markers with segregation distortion. 
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Fig. 2-1. Relationship between expected bin length (EBL) and the selected sample number. 
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Fig. 2-2. Graph of number of cross-overs in the selected 94 RILs versus the number in  
                  the random subset of 94 RILs. 
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Fig. 2-3. The SSR-SNP map based on the selected (left) and random (right) subsets of 94  
                RILs. Black arrow indicates a linkage group map length of 200 cM.  
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Fig. 2-4. The SSR (left) and SNP (right) map based on a selected subset of 94 RILs.  
               Black arrow indicates a linkage group map length of 200 cM.  
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Chapter 3 
QTLs for Seed Protein, Seed Oil and 100-Seed Weight 
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Introduction 
       The chemical composition descriptor table from 21,079 accessions of Glycine genus 
(18,909 accessions in Glycine max) in the germplasm resources information network 
(GRIN) database showed that seed oil rangs from 13.2 to 23.2 % (E(μ) = 19.4, SD = ±1.4) 
and seed protein from 37.2 to 47.9 % (E(μ) = 42.4, SD = ±1.6), respectively. A range of 
4.8 to 30.9 g (E(μ) = 15.2, SD = ±3.6) was also evident in 100-seed weight. Seed protein 
and seed oil are important in the soybean market. Seed yield is a trait important to 
producers, who are paid on the basis of total weight of seed delivered to the buyer. As 
one of two major yield components, 100-seed weight could be indirect selection criterion 
for selecting for higher yield lines, though that would be difficult to achieve without 
controlling other seed yield components.   
       Despite the recent advent of molecular breeding methods, such as marker assisted 
selection (MAS) and QTL detection (both applied mostly after turn of recent century), 
most soybean breeders still utilize conventional breeding methods to manipulate seed  
protein, oil and yield using various crossing and selection procedures. Unfortunately, 
many studies have shown that the genotypic correlation between yield and oil was 
positive and the genotypic correlation between oil (and yield) and protein was negative 
(Wilcox and Cavins, 1995; Helms and Orf, 1998; Wilcox, 1998; Cober and Voldeng, 
2000; Chung et al., 2003). Breeding methods involving a 2-or 3-way cross, backcross or 
recurrent selection have been successfully used for improvement of protein content (Brim 
and Burton, 1970; Wehrmann et al., 1987; Helms and Orf, 1998; Coer and Voldeng, 
2000). 
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       From a population genetic perspective, Throne and Fehr (1970) reported that overall 
or population means for protein and oil traits each population were almost similar with 
those of midparent genetic values in 2-way populations and 3-way populations. This 
implied that inheritance of these traits was controlled by additive, or possibly additive by 
additive, rather than dominant genetic effects. In addition, heritabilities of seed protein 
and oil traits were typically high (Burton, 1987). In contrast, 100-seed weight seems to be 
less heritable, possibly because it is controlled by many genes with small effects.  
       Molecular markers and various linkage maps based on molecular markers have now 
been developed, so some breeders have turned their attention to detect QTLs related with 
seed protein, oil and 100-seed weight.  
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Literature Review 
Prior Report of QTLs 
QTLs of Seed Protein and Oil: Sixty F2 lines (F2:3) derived from a mating of an A81-
356022 (Glycine max) x PI 468916 (Glycine soja) were used for seed oil QTL study 
(Diers et al., 1992). Because soybean seed oil was composed of different types of fatty 
acid, the authors tried to find associations between RFLP marker and each fatty acid. 
Markers with the most significant associations were located in LGs A and B, judging by 
the null hypothesis tests, which generated probabilities were less than 0.005 in those LGs. 
The coefficients of determination (R
2
) for those marker-to-phenotype associations were 
approximately 30 %. The same population was used for whole-seed protein and oil QTL 
identification (Diers et al., 1992). Markers showing significant association with each trait 
at P < 0.01 were clustered together in linkage group A (now known as LG E) and K (now 
known as LG I) even though the chance of type І error was high. Actually, the markers in 
those two LGs with the lowest significance level (i.e., P < 0.001) had the greatest allelic 
effect on the traits. At each marker, the Glycine max (A81-356022) parent contributed 
alleles for high oil in the population, while the Glycine soja (PI 468916) provided alleles 
for high protein. The authors suggested that alleles for the genes controlling protein and 
oil existed in a linked repulsion phase in each parent.  
       Mansur et al. (1993) identified QTLs related with oil and protein content in a 
population of 69 F2:5 RILs derived from cross between Noir 1 (PI 27890) and Minsoy (PI 
290136) grown at two locations. In case of oil content, three QTLs were located on LGs 
A2, K, and C1 using single-factor ANOVAs (P < 0.05) and interval mapping (LOD > 
2.5). Subsequently, Lark et al. (1994) reported QTLs for seed oil, protein and maturity in 
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RIL population derived from the same mating of Minsoy x Noir 1. They also noted that 
seed oil and protein were negatively correlated. Some RFLP markers were linked to these 
quantitative traits with the R183 RFLP marker exhibiting pleiotropic negative association 
with seed oil and protein. Finally, Mansur et al. (1996) reported QTLs associated with 
various agronomic traits in a population of 284 F7-derived RILs from a mating of a Noir 
1 x Minsoy grown at two locations for two years. Single-factor ANOVAs (P ≤ 0.001) 
were used to test significance of two different allelic group means. Three QTLs (near 
SSR Satt006, and RFLPs T155 and A329) for seed oil content were detected on LGs A1 
and L (accounting for a total seed oil variation of 21 %). Three QTLs for seed protein 
content also were detected on LGs A1 and L (accounting for a total seed protein variation 
of 22.1 %). These QTLs were pleiotrophic for seed protein and oil in this population. 
However, the resolution of linkage map was not enough to assess whether these QTLs 
were linked or were just one pleiotrophic QTL.   
       Lee et al. (1996) identified RFLP loci associated with seed protein and oil using two 
populations, Young x PI 416937 (120 F4-derived lines) and PI 97100 x Coker 237 (111 
F2-derived lines), with the former grown at three and the latter at two locations. Based on 
single-factor ANOVAs and a significance criterion of 0.05, 13 RFLP loci associated with 
protein QTLs were detected on LGs C1, C2, E, G, J, and N, and six RFLP loci associated 
with oil QTLs were detected on LGs D2, E, J, and L in Young x PI 416937 population. In 
the PI 97100 x Coker 237 population, six RFLP loci associated with protein QTLs were 
detected on LGs E, H, K, and UNK (an unknown linkage group) and five RFLP loci 
associated with oil QTLs were detected on LGs C1, G, and H. When interval mapping 
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was used in PI 97100 x Coker 237, only one RFLP locus on LG E was associated with a 
protein QTL in both populations.  
       Brummer et al. (1997) identified many protein and oil QTLs in eight populations 
using single-factor ANOVAs with a significance criterion of P < 0.05. The populations 
were tested in 1992, 1993 and 1994. Relative to “environmentally stable” QTLs, 14 
markers associated with protein QTLs and 12 markers associated with oil QTLs were 
detected on LGs A2, B2, C1, D1, E, F, G, H and I, and on LGs A1, A2, B1, C2, G, H and 
K, respectively. Relative to “environmentally unstable” QTLs, 13 markers associated 
with protein QTLs and 10 markers associated with oil QTLs were detected LGs A1, A2, 
B2, C2, E, G, I, J and L, and A2, B2, D1, F, G and H, respectively. Even though the 
marker map density was not sufficient to identify QTLs via interval mapping, eight 
populations tested in different environment conditions was considered a useful approach 
to identify environmental stable QTLs.  
       Orf et al. (1999) identified markers associated with protein and oil QTL in three 
parentally related RIL populations, Minsoy x Noir 1, Minsoy x Archer and Noir 1 x 
Archer, that were grown in several environments. QTLs were identified with the 
composite interval mapping method using a significant criterion of LOD > 3.0. Five 
protein QTLs were detected on LGs A1, C1, L, and M. Six oil QTLs were detected on 
LGs A1, C1, C2, and L. Heritabilities of oil and protein in three populations were a 
respective 0.69 and 0.61 in Minsoy x Noir 1, 0.76 and 0.75 in Minsoy x Archer and 0.81 
and 0.83 in Noir 1 x Archer. In Minsoy x Noir 1, RFLP T155_1 (LG A1) was associated 
with protein (LOD > 4.0 and R
2
 > 10 %), and accounted for 35 % of the heritable 
variation in protein. In Minsoy x Archer, SSRs Satt174 (LG A1) and Satt578 (LG C1) 
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were associated with seed oil (LOD > 4.0 and R
2
 > 10 %) and seed protein (LOD > 4.0 
and R
2
 > 10 %), and accounted for a respective 25 and 35 % of the heritable variation in 
these two traits. In Noir 1 x Archer, RFLP A489_1 (LG L) was associated with oil (LOD 
> 4.0 and R
2
 > 10%), and accounted for 34 % of the heritable variation in oil.  
       Qiu et al. (1999) reported markers associated with protein and oil using two-way 
regression analyses in a F2:3 population derived from a mating of a Peking x Essex. This 
study was unusual in that Essex was reported by the authors to be the source of allele for 
both high protein and high oil concentration. Two RFLP markers, B072 and B148, 
detected QTLs on LGs H and F, respectively. Marker B072 had an R
2
 of 32 % (P = 
0.0018), whereas marker B148 had an R
2
 of 17 % (P = 0.0001). Marker B072 showed 
additive gene action, whereas marker B148 partial dominance effect. Marker B072 was 
also associated seed oil concentration (R
2
 = 21 %, P = 0.0020). This is the only marker 
known to be associated with a protein and oil QTL(s) with the “high” alleles of those 
QTLs in coupled linkage or coupled pleiotrophism.  
       Sebolt et al. (2000) reevaluated alleles from Glycine soja on LGs E (previously A) 
and I (previously K) (Shoemaker and Specht, 1995) in 53 BC3F4:6 and BCF4:7 lines 
derived from the backcross of A81-356022 (Glycine max) to F2-derived lines originating 
from the cross, A81-356022 x PI 468916 (Glycine soja). The evaluation was conducted 
in two environments over two years. The wild progenitor, Glycine soja, apparently 
provided favorable QTL alleles associated with high seed protein concentration (Diers et 
al., 1992). As another objective, Sebolt and his colleagues evaluated the impact of the 
high protein allele of the LG-I QTL in three different F3:4 populations [BC3F4-derived 
line x Glycine max (cultivars Parker, Kenwood and C1914)] grown in three environments. 
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The alleles for the LG-I markers, Satt127 and IaSU-A144H-1, which originated from 
Glycine soja, were significantly associated with greater protein and less oil concentration 
using single-factor analysis (P < 0.05).  
       Hegstad et al. (2000) mapped the position of wp locus that governs pink flower color 
and noted its association with seed protein. Pink-flowered lines exhibited 4 % higher seed 
protein content compared with purple-flowered lines. They used a population of 160 F2 
plants derived from the cross of two Clark isolines, RM55 (genotype W1W1WpWp, purple 
phenotype) and LN89-5322-2 (genotype W1W1wpwp, pink phenotype) and found two 
RFLP and 14 SSR markers linked to wp locus using Chi-square test. Based on the 
consensus genetic map of Cregan et al. (1999), the pink flower locus wp was located 
between markers K011 and Satt600 on LG D1a.  
       Two early maturing soybean (Glycine max) cultivars, Ma.Belle and Proto, were  
mated to generate a population of 82 F2 plants that were genotyped with markers to 
identify QTLs for seed protein and oil concentration (Csanádi et al. 2001). The F2-
derived lines were grown in five different environments Single-factor ANOVAs 
(significant criterion of P < 0.01), interval mapping (LOD > 2.0), and composite interval 
mapping (LOD > 2.5) were used for QTL detection. Four SSRs, Satt077, Sct_028, 
Satt567, and Satt196, which were associated with protein in the single-factor ANOVAs, 
also were identified with interval mapping. These markers are located on LGs C2, D1a, 
M, and K, respectively. Marker Sct_028 also was significant using composite interval 
mapping (LOD = 2.7). Three markers, Satt020, Satt196, and Satt562, which were 
associated with oil and originally detected with single-factor ANOVAs, also were 
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identified with interval mapping across three environments. However, none of three 
markers showed significance when the composite interval mapping method was used.  
       Specht et al. (2001) confirmed some of the protein and oil QTLs previously studied. 
They used composite interval mapping for QTL detection (significance criterion of LOD 
> 3.4) in a Minsoy x Noir 1 population of 236 RILs. Every QTL detected associated with 
seed protein and oil concentration was similar with QTLs identified in prior studies 
(Brummer et al., 1997; Diers et al., 1992; Diers et al., 1992; Lee et al., 1996; Mansur et 
al., 1993, 1996; Orf et al., 1999). QTLs for seed protein were located on LGs A1, C1, D2, 
G, K, L, M, N and O and QTLs for seed located on LGs A1, D1a, D1b, F, G, I, J, L and 
M. The protein and oil QTLs that mapped to LGs A1, G, L and M had coincident or near-
coincident LG map positions, and were declared to be QTLs with pleiotrophic effects on 
both protein and oil. Specht et al. (2001) used a stringent permutation based on LOD 
score of 3.4. Relaxation of this stringency to that used in prior studies, “suggested” that 
protein QTLs also may be present on LGs N and O for protein and on LGs A1, D1b, and 
J for oil.  
       Tajuddin et al. (2003) reported 17 seed protein and oil QTLs in a RIL population of 
156 F7 plants derived from a Misuzudaizu x Moshidou Gong 503 grown in two different 
environments. Three of the 10 protein QTLs (located on LGs E, D2, and I) and three of 
the seven of oil QTLs (located on LGs A2, B2, and I) were significant in both field trials 
using interval mapping (LOD > 2.0). Using composite interval mapping two SSRs, 
Satt127 and Satt239, on LG I were associated with a QTL whose one allele 
pleiotrophically generated high protein and low oil concentration, and the other allele the 
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inverse. This pleiotrophic pattern was consistent with negative genetic correlation 
between protein and oil documented in a previous study (Sebolt et al., 2000). 
       Chapman et al. (2003) identified QTLs in a population of 208 F2:3 progenies and a 
population of F4:6 lines derived from Essex x Williams that were grown at two different 
locations. In the F2:3 population, SSR Satt251 on LG B1 was associated with seed protein, 
whereas SSRs Satt251 and Satt014, located on LGs B1 and D2, respectively, were 
associated with seed oil. Significance was assessed using the criterion P < 0.05 / K 
(where K was the number of polymorphic markers). In the F4:6 population, SSRs Satt251 
and Satt337 on LGs B1 and L were associated with protein at a significance level of P < 
0.05. 
       Chung et al. (2003) examined a population of 76 F5-derived RILs from a mating of 
the high protein PI 437088A with the elite cultivar Asgrow A3733 in a 2-year field trial.  
Using composite interval mapping, RAPD marker, OPAW13a, which mapped to an 
interval between Satt496 and Satt239 in LG I was closely linked to a QTL whose PI 
437088A allele had inverse additive effects on seed protein and oil of +1.0 and -0.6 
percentage units, respectively.  
       Panthee et al. (2004) conducted interesting experiment. To identify QTLs related 
with nitrogen accumulation according to different reproductive stages, a population of 
101 F6:8 RILs derived from a mating of N87-984-16 with TN93-99 was evaluated at the 
R5, R6 and R7 stages. Even though the test consisted of only one environment and only 
single-factor ANOVAs (P < 0.05) were applied in this study, the results might be 
meaningful considering high heritability of seed protein and oil composition. At the R5 
stage, seven SSR loci linked to QTLs associated with nitrogen content were detected on 
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LGs A2, B2, D1b, E and G. At the R6 stage, three SSR marker loci on LGs A2, D1b and 
M, and seven SSR marker loci on LGs B2, D1a, E and G were linked to QTLs. The 
Satt263 locus at the R7 stage controlled production of the most amino acids (Asp, Glu, 
Ser, Val, Arg, Iso, Leu, Phe, His and Tyr).  
       Kabelka et al. (2004) identified QTLs related with yield and the other traits in a 
population of 167 F5-derived RILs originating from a cross between BSR 101 and LG82-
8379. The RILs were grown 12 environments. Single-factor ANOVAs (P < 0.05) and 
composite interval mapping (LOD > 2.5) were used for combined analysis of each 
maturity set. Five QTLs related with protein concentration were detected on LGs A2, C1, 
C2, D1b and O, and six QTLs for oil concentration on LGs F, K, B2, N, H and M were 
detected in individual maturity sets. SSRs, Satt409 (LG A2), Satt157 (LG D1b), and 
Satt544 (LG K), were remarkable given their high significance (LOD > 3.5). Two QTLs 
for seed oil were detected on LGs C1 and D1b in the combined analysis, and one QTL on 
LG J was detected in one maturity set. Marker Satt157 (LG D1b) had a particularly high 
significance value (LOD = 5.1).  
       Stombaugh et al. (2004) studied QTLs associated with cell wall polysaccharide and 
seed protein and oil in a population of 108 RILs derived from cross between Minsoy and 
Archer grown for two years. One QTL locus for seed protein content with the flanking 
markers of Satt578 and L192_1 on LG C1 had consistent effects over the two years 
[average LOD = 3.6, R
2
 = 14.6 and additive effect (Misoy – Archer) = 0.63]. One of two 
QTLs loci for oil content, which had the flanking markers of SOYGPATR and Satt578 in 
LG C1, was identified only in the 1997 field trial. The other QTL had flanking markers of 
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Satt125 and Satt387 on LG N. Though two QTLs were environmentally inconsistent in 
expression, these QTLs had 3.4 and 3.6 LOD scores, respectively.  
       Zhang et al. (2004) listed QTLs for ten agronomic traits in a population of 184 F2:10 
RILs that originated from a cross between Kefeng No.1 and Nannong 1138-2. All QTLs 
were detected with composite interval mapping (LOD > 3.0). The Nannong 1138-2 
parent contributed the alleles for high oil and high protein content. One protein QTL 
locus had the flanking markers, Satt560 and A953_1H, on LG B2 (LOD = 3.5, R
2 
= 12.4 
and additive effect = 0.6). Another oil QTL locus had the flanking markers, A481V and 
A725_3V, on LG D1b (LOD = 2.5, R
2 
= 7.4 and additive effect = 0.3).  
       Hyten et al. (2004) reported 17 QTLs associated with oil, protein and seed size in a 
population of 131 F6-derived RILs from the mating of Essex with Williams tested in six 
environments and confirmed some QTLs reported in previous studies. Essex contributed 
the high seed protein allele and Williams contributed the high seed oil allele. Composite 
interval mapping (LOD > 3.0) was used to detect the QTLs. Six oil QTLs were detected 
on LGs C2, D1a, D2, L and M (average LOD score ≥ 3.0), and four protein QTLs on LGs 
C2, F, K and M (average LOD score ≥ 3.0).  
       Fasoula et al. (2004) validated QTLs previously studied in a population of 176 F2:4 
lines independently derive from the cross of PI 97100 with Coker 237 and the cross of 
Young x PI 416937 using the same RFLP markers originally used in a prior publication. 
Each independent population was tested in two or three environments using single-factor 
ANOVAs with significant criterion of P < 0.01. In the PI 97100 x Coker 237 population, 
two of the four markers used to previously identified QTLs, A454_1 (P < 0.001) and 
A132_4 (0.0116), were validated on LGs E and UNK (unknown linkage group). In case 
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of the oil trait, two of the three markers used to previously identified QTLs, A603_1 (P = 
0.0011) and A566_2 (P = 0.0008), were confirmed on LGs C1 and H in two or all three 
test environments. In the Young x PI 416937 population, only two markers, Satt398 (P = 
0.0025) and Satt313 (P = 0.0049), were confirmed relative to QTLs previously identified 
on LG L. The other previously studied QTLs were not identified in the new study.  
       Panthee et al. (2005) identified QTLs associated with three quantitative traits, oil, 
protein and seed size using a population of 101 F6-derived RILs from a cross between 
N87-984-16 and TN93-99 tested three locations over two years (6 different 
environments). N87-984-16 contributed the alleles for protein concentration, while 
TN93-99 contributed the allele for oil concentration. Heritabilities of protein and oil were 
0.66 and 0.54, even though the population size was small. Composite interval mapping 
was used with a 1,000-repetition permutation test to select a genome-wise significance 
criterion (P = 0.05) for identifying putative QTLs. One QTL for protein detected by 
Satt570 was located on LG G (LOD = 3.5, additive effect = 0.31 and R
2
 = 20.2) in a 
combined analysis of 6 environments. Four QTLs for oil were detected on LGs D1b, H 
and O, but only one, detected by Satt274 (LG D1b) was significant when CIM was 
applied to the combined data of the three environments.  
       Nichols et al. (2006) constructed fine map to LG I to determine if additional 
recombination could make position the current negative phenotypic correlation between 
seed protein and oil, and seed protein and yield. Two sets of populations were used in this 
study. The original parents were PI 468916 (Glycine soja, high protein and low oil allele) 
and A81-356022. Set 1 of which there were three populations, was derived from BC4F3:4 
and Set 2, of which there were four populations, was derived from BC5F5. All 
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populations were tested in various environmental conditions. The evaluation of set 1 and 
2 populations confirmed prior findings of a negative correlation between seed protein and 
oil that remained unalterable in these recombinant lines, which was consistent with prior 
findings (Diers et al., 1992; Sebolta et al., 2000; Chung et al., 2003). In the set 1 
population, the confirmed protein/oil QTL was located in an 11-cM interval between 
Satt614 and Satt354. In the set 2 population, the confirmed QTL was located in a 3-cM 
interval between Satt239 and ACG9b.  
       Zhu (1995) reported unconditional and conditional QTLs (Zhu, 1995) using a new 
software package based on the mixed model derived from composite interval mapping 
(LOD > 2.0). The 21 unconditional QTLs were related with seed protein content at 
different reproductive stages were identified on LGs A1, B2, C2, D1a, E, F, J and L. 
These QTLs were detected in 2004 and 2005 trials. Genetic main effects were additive 
for all common QTLs. Sixteen conditional QTLs were identified on LGs B2, C2, D1a, F, 
and H. One common conditional QTL was located on LG F between Satt335 and Satt334. 
Because genes tended to be expressed at different stages in each year, unconditional and 
conditional QTLs exhibited different genetic main effect.  
       Jun et al. (2008) found two quantitative trait loci related with protein content in 96 
soybean accessions from China, Korea and Japan. This accession mapping population 
was divided into two groups, 48 high protein accessions and 48 low protein accessions. 
Each group was composed of different maturity groups to avoid false positive association. 
The 150 SSR markers chosen were based on positions in the consensus genetic map 
(Song et al. 2004) and were used to identify associations between marker and seed 
protein content. The most of locus pairs in linkage disequilibrium (LD), in which allele 
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frequency correlation (r
2
) is greater than 0.05 at significance criterion of P < 0.01, were in 
20 cM. Two SSRs, Satt431 (LG J) and Satt551 (LG M) were identified as having 
significant differences in allele frequencies between low and high protein group, with P-
values of 0.000058 (Satt431) and 0.000001 (Satt551). Interestingly, these two QTLs were 
not reported at previous studies using linkage map analysis.  
QTLs for 100-Seed Weight: Mansur et al. (1993) identified a QTL associated with seed 
weight in a population of 69 F2:5 RILs from a cross between Noir 1 and Minsoy grown at 
two locations. The Noir 1 parent contributed the favorable QTL allele for seed weight 
even though seed weight means of the two parents were similar. The RFLP marker C9 
was associated with seed weight and was located on an unidentified linkage group with 
an R
2
 of 13 %. Because marker C9 was not joined at any LGs, single-marker ANOVA (P 
= 0.02) was used for QTL analysis. Mansur et al. (1996) later reported QTLs associated 
with various agronomic traits in a population of 284 F7-derived RILs from the same 
mating, using data obtained from trials conducted at two locations over two years. Three 
QTLs (identified by RFLP markers, K443, A262-3 and T155) were detected on LGs A1, 
A2, and C2, respectively (P ≤ 0.001). Noir 1 contributed the favorable allele for seed 
weight (mg/seed). Regression analysis indicated that these QTLs accounted for 23.1 % of 
the total variation in seed weight.  
       Mian et al. (1996) identified quantitative trait loci associated with seed weight in 
different two populations (111 F2-derived lines of PI 97100 x Coker 237, and 120 F4-
derived lines of Young x PI 416937) evaluated at two locations over two years. In the 
Young x PI 416937 population, seven RFLP markers were detected on LGs C1, C2, E, F, 
G, J and K (total variation accounted for by the seven markers was about 70 %). In the PI 
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97100 x Coker 237 population, nine RFLP markers were detected on LGs D2, F, G, K, L, 
M, P and R. All of these QTLs were consistently detected in all environments (P < 0.05). 
In the combined analysis, the QTLs detected with RFLP markers, Blt025-1, K003-1, 
K002-1, and A199-1 were located on either LG F or LG K. In the PI 97100 x Coker 237 
population, the interval mapping method (LOD > 2.4) was used for QTL detection. Four 
QTLs were detected on LGs D2, G, L and R. The total variation accounted for by these 
four QTLs was 58 %.  
       Maughan et al. (1996) identified seed weight QTLs and examined their epistatic 
effects. Two parents, V71-370 (Glycine max, 24 g/100 seeds) and PI 407162 (Glycine 
soja, 1.5 g/100 seeds), were mated to create population of 150 F2 plants and F2:3 
progenies. Three and five QTLs were detected (P < 0.01 in the single-factor ANOVAs) in 
each population, respectively. In the F2 population, RFLP marker, A118, A816, and 
K385 detected significant QTLs (accounting for a total variation of about 40 %) in LGs H, 
M, and L. In the F2:3 population, RFLP marker, A118, A816, A023, K384, and T153 
identified significant QTLs (accounting for a total variation of about 50 %) in LGs A, H, 
J, L, and M.  
       Orf et al. (1999) searched for seed weight QTLs in three RIL populations (Minsoy x 
Noir 1, Minsoy x Archer and Noir 1 x Archer) grown in four environments. Permutation 
tests were conducted to arrive at a suitable LOD criterion for QTL significance. Seven 
QTLs for seed weight were detected on LGs A2, B1, C2, M, and F. These QTLs were 
consistently detected across environments with the interval mapping method (LOD > 2.5). 
The LOD scores for the seven QTLs were highly significant (most were LOD > 3.0, one 
was LOD = 11). Two markers, SSR Satt150 (R
2
 = 19 %) and RFLP L050_14 (R
2
 = 16 %) 
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accounted for significant variation in seed weight. The remaining five markers identified 
QTLs with a LOD ≥ 4 in at least one of the three RIL populations. In two of the three 
populations, a QTL was detected on LG C2. Two QTLs, one on LG A2 and one on LG 
C1, were detected in one population. Most seed weight shared a similar linkage map 
position with yield QTLs.  
       QTLs for soybean sprout yield and related traits were detected in a population of 100 
F2-derived lines from a cross between two Korean cultivars, Purenkong and Jinpumkong 
2 in trials conducted over two years (Lee et al., 2001). All significant markers from single 
regression analysis or single-factor ANOVAs were combined in a multiple regression 
model to estimate overall R
2
. Two-way ANOVA were used to identify QTL main effect 
and two-QTL epistatic effects. Using the significance criterion of P < 0.05, four RFLP 
markers, A802n, A069, Cr321, and A235 were associated with seed weight and were 
located on LGs B1, E, F and G, respectively. The Jinpumkong 2 parent contributed 
favorable higher alleles at each seed weight QTL. When forward and stepwise selection 
steps were used in multiple regression model, the four QTLs accounted for significant 
variation of 33 % with the Cr321 marker in particular accounting for phenotypic variation 
of more than 10 %.  
       Csanádi et al. (2001) identified eight seed weight QTLs in a population of 82 F2-
derived lines originating from a cross between two early maturing parents, Ma Belle (215 
g/seeds) and Proto (191 g/seeds). The lines were evaluated in five environments. Not 
many markers were used, so the linkage length of the map was only 757.5 cM, though 
there were 23 LGs. The single-factor ANOVA method was used to investigate 
association between each marker and seed weight (P < 0.01). In addition, the simple 
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interval mapping method (LOD > 2.0), using Mapmaker/QTL 1.1, was also used. Eight 
seed weight QTLs were detected on LGs L, M, O, and I. Two SSRs, Satt219 (LG O) and 
Satt562 (LG I) accounted for most of the seed weight variation (R
2
 > 10%). 
       Specht et al. (2001) reported several seed weight QTLs in a population of 267 F6:7 
RILs derived from Minsoy x Noir 1. The RILs were tested in six field water levels (P < 
0.05). Composite interval mapping (LOD > 3.4) was used to detect putative QTLs. Seed 
weight QTLs were detected on many LGs, but specifically A1, A2, B1, B2, C2, E, F (3 
QTLs), G (3 QTLs ), K, H, L (2 QTLs), and M (2 QTLs).  
       Chapman et al. (2003) identified various agronomic trait-related QTLs in a 
population of 208 F2 plants and a population of 177 7-F4:6 RILs derived from the Essex x 
Williams mating. The populations were evaluated at two locations. In the F2 population, 
SSR marker Satt373 detected a seed size QTL on LG L. This marker accounted for 4 % 
of the phenotypic variation. In the F4:6 population, SSR marker Satt014 detected a seed 
size QTL on LG D2, and it accounted for 14% of the phenotypic variation. The Essex 
parent contributed the allele with the greater seed weight. The additive effect was 
estimated to be 12 mg seed
-1
.   
       Hyten et al. (2004) reported 17 QTLs associated with oil, protein and seed size in a 
population of 131 F6-derived RILs from a cross between Essex and Williams. The RILs 
were evaluated in six environments. Single-factor ANOVAs (P < 0.01) and composite 
interval mapping (LOD > 3.0) methods were used to detect the QTLs. Twelve putative 
QTLs for seed size were located on LGs D1a, F, G, I, K and L in the combined analysis 
across the six environments. The seed size QTLs identified in this study and previously 
reported seed weight QTLs were located at near site (less than 20 cM). This result was 
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not unexpected thing considering the genetic high correlation between seed size and seed 
weight.  
       Stombaugh et al. (2004) detected seed weight QTLs in an RIL population derived 
from Minsoy x Archer when that population was tested over two years. Interval mapping 
(LOD > 3.2) was used to find a putative QTL between two flanking markers, Sat_113 
and L058_8 on LG L. The QTL had a LOD value of 3.4 and accounted for 13.7 % of the 
phenotypic variation. The additive effect at this QTL was 13.2 mg seed
-1
. Archer 
contributed the allele with the greater seed weight. 
       Zhang et al. (2004) reported QTLs for ten measured agronomic traits in a population 
of F2:10 RILs from a mating between Kefeng No.1 x Nannong 1138-2. All QTLs were 
detected with composite interval mapping (LOD > 3.0). Four QTLs for seed weight were 
detected on LGs A2 (1), B1 (1), and D2 (2), and accounted for a total phenotypic 
variation of 37.5 %. Two of the four QTLs (detected with markers, Satt509 and Satt458) 
in LGs B1 and LG D2 had major effects and explained more than 10 % of the phenotypic 
variation.  
       Fasoula et al. (2004) validated previous seed weight QTLs in two populations, PI 
97100 x Coker 237 and Young x PI 416937 that were newly created for QTL 
confirmation purposes. Each population was evaluated in two or three environments, and 
the authors used same markers (RFLP markers in PI 97100 x Coker 237, SSR markers in 
Young x PI 416937) that they had used in their previous reports. Markers A257_1 (LG 
D2), A235_1 (LG G), and cr529_1 (unlinked) that had detected seed weight QTLs in the 
previous report (Mian et al. 1996) were not associated with seed weight in the 
confirmation population, when using single-factor ANOVAs (P ≤ 0.01) in each of the 
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three environments. In the other confirmation population, Young x PI 416937, two QTLs 
detected by Satt303 (LG G) and Satt263 (LG E) in previous reports were confirmed.  
       Panthee et al. (2005) identified seed weight QTLs in a population of F6-derived RILs 
from the mating of N87-984-16 x TN93-99. The RILs were evaluated at three locations 
over two years. Composite interval mapping (LOD > 2.5) was used to detect three QTLs. 
Two QTLs were detected by Satt002 and Satt147 on LG D1a. One QTL was detected by 
Satt184 on LG D2. All QTLs were consistently detected over environments. The 
phenotypic variation accounted for by each QTL ranged from 10 to 15 %.  
       The previously reported QTLs for seed protein, seed oil and 100-seed weight were 
summarized Appendix B and C. The information presented in these tables was obtained 
from the foregoing literature and reports from the Soybase (http://www.soybase.org).   
Methods for QTL Analysis 
Single Marker Analysis: The Maximum linkelihood (ML) method is ordinarily used for 
parameter estimation in the single marker likelihood approach (Weller, 1986). Single 
marker analysis (SMA) provides a simplified estimation of putative QTL means and 
effects. However, this analysis has some disadvantages. First, a single marker analysis 
considers only one genetic marker at a time and ignores map positions. Thus, the putative 
QTL genotypic means are confounded with by the effects distance of the QTL from the 
marker and the strength of the QTL additive effects. Second, ignorance of marker map 
position has other unfavorable consequences in that one does not know if two markers 
exhibiting statistical association with the traits are independent (i.e., on different LGs) or 
linked (recombination fraction < 0.50). Third, single marker analysis model assumes just 
one QTL in the genome, so it is not possible to test hypotheses about epistasis or 
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interaction among QTLs. Fourth and finally, a single marker analysis uses RILs with 
missing marker genotypes. If there are many missing marker genotype data for a given 
marker, it is questionable where the QTL association with this marker can be even 
identified.  
Simple Interval Mapping: Lander and Botstein (1989) suggested the simple interval 
mapping (SIM) method for detecting QTL. This approach was based on the joint 
probabilities between flanking markers and the putative QTL in interval of those two 
markers. Knapp et al. (1992) proposed a linear regression method. These two methods 
had different parameter estimation procedures. While the former method executes LRT 
using ML, the latter one uses a least square method to minimize error. Map Manager 
QTX (Manly et al., 1996) uses linear regression method due to its advantage of rapid 
computation.  
Composite Interval Mapping: Even though simple interval mapping provides confidence 
intervals for each QTL and its position, there were still some problems in interval 
mapping. First, some QTLs still might not be identified in interval mapping. In interval 
mapping, where single QTL model was considered, an LRT profile might show only one 
peak, even though more than one QTL might exist in that area. Second, if two or more 
QTLs underlie one peak, it is impossible to know whether the paired QTL alleles have a 
coupling or repulsion phase. Third, interval mapping is a single QTL model, so it was not 
possible to estimate interaction effects among other QTLs. That is, main effects of other 
QTLs and interaction effects (epistasis) among those QTLs were naturally included in the 
experimental error term. This inflates the error variance and thus decreases the statistical 
power to detect QTLs.  
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       Zeng (1993) theorized a means of separating linked multiple QTLs in mapping 
population. Even though a single QTL model is still applicable for separation of linked 
multiple QTLs, the use of covariate such as other markers, sex, and other discriminated 
treatments simplified multiple dimensional mapping processes like multiple QTL 
modeling.  
       Zeng (1994) later proposed a method known as composite interval mapping for use 
with a single QTL model. Unlike interval mapping, composite interval mapping (CIM) 
can consider genetic background effects. The use of LRT statistics and profile in 
composite interval mapping was the same as that of single marker analysis and interval 
mapping. However, the key difference was that marker effects at map locations elsewhere 
in the genome were used as covariate. This meant that composite interval mapping (CIM) 
was a combination of simple interval mapping and single-marker regression. Because the 
covariate term in the QTL model is used for controlling background genetic effects, the 
residual error variance will be decreased and statistical power improved. Parameter 
estimation in composite interval mapping was little more complicated, since matrix 
notation was used for parameter estimation. In WinQTL, the EM algorithm (Meng and 
Rubin, 1993) was implemented for parameter estimation in the CIM model.  
Multiple Interval Mapping: It must be kept in mind that the QTL model used in SMA, 
IM, and CIM methods of QTL analyses are based on a single QTL model. That is, the 
additive effect of each QTL is estimated on the basis that only one QTL was present in 
the entire genome. With this assumption, the multiple tests were executed and threshold 
value was empirically determined by permutation test (Doerge and Churchill, 1996). 
Biologically, it is always possible and quite likely that more than one gene controlling a 
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quantitative trait segregates in a biparental population. If so, it would be desirable to 
obtain simultaneous estimates of these two or more QTLs, plus their interaction, if any.  
       The multiple interval mapping (MIM) method was introduced by Kao et al., (1999). 
This method assumes that putative QTLs may be present in a population in more than just 
one flanking marker intervals. These multiple putative QTLs could be simultaneously 
fitted to the data with the use of a multiple QTL model. This method has some 
advantages. First, more QTLs could be identified by refining the initial single-QTL 
models, thus providing more power and precision for detecting the multiple QTLs. 
Second, a multiple QTL model provides a means for estimating the QTL x QTL (Q x Q) 
interaction effects, in addition to the main additive effects of each QTL. Third, because 
each term of MIM model is a component of a matrix, each individual effect can be 
estimated and superior individuals (or genotypes) might be easily identified. Thus, a 
multiple QTL model can be helpful for marker-assisted selection (MAS).  
       Initial parameter estimation by MLE in MIM is the same as that of SMA, IM and 
CIM. Other assumptions for estimation also were the same except for the number of 
QTLs. If m QTLs exist in initial model, a mixture of 2
m
 normal distribution would be 
obtained according to four possible flanking marker genotypes.  
       The MIM method is considered to be a model selection procedure which is 
conducted prior to the actual QTL analyses. Kao et al. (1999) suggested a stepwise 
selection procedure for selecting an initial model and for using a Bonferroni argument 
when choosing an appropriate critical value in the model selection itself. In WinQTL, 
methods such as BIC (Schwarz, 1978), partial R
2
, and CIM-based LRT are provided, but 
the application of the Bonferroni argument is not easily accomplished in WinQTL.  
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       Yang et al. (2007, 2008) proposed a different MIM method, in which the cofactors 
and interactions of cofactors were well controlled. In this model, control is exerted over 
both marker intervals and interactions between markers in those intervals, unlike what is 
possible in the CIM method. In addition, the model provided by Yang et al. (2008) 
includes a means for evaluating Q x Q interaction, environmental effects, and QTL x 
environment interaction terms. The candidate marker intervals are first identified via a 
marker pair selection method to prevent overfitting of the model (Piepho and Gauch, 
2001). These candidate marker intervals are then tested along the entire chromosome, 
followed by a one-dimension (one-D) genome scan to identify QTL controlling marker 
intervals. The next step identifies all possible epistasis, and includes interaction effects 
between the significant flanking markers. Finally, interactions between two loci 
regardless of QTL or non-QTL were used to identify controlling QTLs detected with a 
one-D genome scan and significant epistasis between the flanking markers. The statistical 
significance of all tests was executed with an F-test to save computing time.  
       A key issue was determination of the critical value to use to establish a false-positive 
criterion. First, all these sequential models were converted into general matrix from. This 
matrix equation can be separated into two parts. One is matrix related with new treatment 
effect and the other is matrix for controlling other treatment effects. For each sequential 
model in one-D or two-D, each permutation test was only conducted in coefficient 
numbers of matrix, which has new treatment effect term in the whole model.  
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Material & Methods 
Field Trial & Phenotypic Data: The major phenotypic traits of interest measured 
repetitively in the H x C population of 300 RILs were seed protein, seed oil, and 100-seed 
weight, though maturity date, plant lodging, plant height, seed yield, also were measured 
in some trials. A two-replicate balanced incomplete block design (BIBD) was used for 
the field experimental design because of the large number of genotypes (300 RILs). The 
16 blocks of 20 RILs each were constructed based on an early to late sorting the 300 
RILs by maturity date and putting one of the ten Harosoy parents in each of the first 10 
blocks and putting one of the ten Clark parents in the each of the last ten blocks. In the 
1998 and 1999 field trials, all entries were planted into 2-row plots (0.762m row spacing, 
3.05m long). Phenotypic data was obtained by Dr. Specht in 1998 and 1999. The RIL 
generation tested in the sequential year trials was F6:8 in 1998, F6:9 in 1999, F6:10 in 2000, 
F6:11 in 2001 and F6:13 in 2008. Unfortunately, phenotypic data in 2000 was not usable. In 
2001, only seed yield data was collected from six trials involving six irrigation levels. In 
2008, only three traits, seed protein, seed oil, and 100-seed weight, were measured and 
then only in the rainfed experiment. Flooding damage due to a high spring rainfall event 
rendered the irrigation experiment unusable. For a complete 7-trait QTL analysis, 1998 
and 1999 rainfed and irrigated experiment data were chosen for a QTL analysis.  
        The 1998 and 1999 BIBD performance trials of the 300 RILs were conducted in the 
West field in East Campus, University of Nebraska. Each entry in both replicates was 
harvested as soon as the pods on the plants had matured.  
       In all tests, seed protein and seed oil (%) were measured using a near-infrared 
transmittance (NIT) assay with whole seed sample (25g) involving an Infratec 1255 NIR 
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Food and Feed Grain Analyzer. Plant height was measured from ground to stem tip at 
maturity. Plant lodging was visually assessed and given a score that ranged from 1 (erect) 
to 5 (prostrate). Seed weight (g) was measured using random sample of 100 seeds. 
Maturity date (day) was the day on which 95% of the pods in the plot had reached their 
final mature, darkly pigmented, brown color. Seed yield was measured by threshing 
plants with a small plot combine and expressed as kg/ha at 13% seed moisture content.   
Statistical Analysis: The SAS (version 9.0) (1999) statistical software package was used 
for randomization, analysis of variance (ANOVA), least square mean estimation, 
independent t-tests, normality tests, and heritability estimation.  
       In independent t-tests conducted with the two parent groups, it was assumed that the 
variance (MSE) within each group was equal and that each phenotype followed a normal 
distribution. That is, the pooled variance was calculated based on variances of each group. 
Power was calculated for the sample size of 20, using 38 degrees of freedom. The t-
statistic criterion was 2.02 for an α level of 0.05. A two-tailed test was used to determine 
if the null hypothesis that two sample means were the same.  
       The Shapiro – Wilk and Kolmogorov – Smirnov tests were used to evaluate the null 
hypothesis is normality. The alternative hypothesis was that the random variable did not 
follow the normal distribution. The significant α level criterion was 0.05 and a two-tailed 
test was used. The skewness and kurtosis values were also estimated. Two commands, 
„PROC GPLOT‟ and „PROC UNIVARIATE‟ were used for a normality test of each 
measured trait. 
       Considering maturity date (block) and entry number, randomization was conducted 
by „PLAN‟ command. ANOVAs were performed on the phenotypic data collected in 
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each year and on the data combined over the years of 1998 and 1999, using a balanced 
incomplete block design model. All classification variables except for water treatment 
term were treated as random variables. The command, „PROC MIXED‟ was used for 
ANOVA and heritability. A 5% false-positive value was chosen as the α level criterion. 
       Based on the mixed model ANOVA results, least square means were estimated with 
the command, „PROC LSMEANS‟. Least square means for as many as seven phenotypic 
traits measured in various field water treatments and years were used in the QTL analysis. 
       In the statistical software R (version 2.6), Pearson‟s correlation coefficients among 
seven traits in H x C population were estimated and tested using the functions, „COR‟ 
and „COR.TEST‟. For some traits, simple regressions between two traits were 
constructed in R using the „PLOT‟ and „CURVE‟ functions. The alternative hypothesis 
for correlation test was that true correlation was not equal to 0. A two-tail test was used 
and the significance criterion was an α level of 0.05.  
QTL Analysis based on Single-QTL Model 
       Maximum likelihood (ML) approach (Weller, 1986) using the EM algorithm (Meng 
and Rubin, 1993), was used for parameter estimation for the three single-QTL model 
methods of SMA, SIM, and CIM. The software package, WinQTL (Bostein, 2001) was 
used for the QTL analysis with these three methods and applied to the dataset of 300 
RILs with the 751 combined SSR and SNP markers. 
       A permutation test (Churchill and Doerge, 1994) was applied to empirically 
determine the critical likelihood ratio test (LRT) value for declaring the existence of a 
QTL. The LR statistic distribution approximately follows a χ2 distribution. The LR value 
can be converted into a LOD score with the equation: LR = 4.6 x LOD. A permutation 
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test (1,000 repeats) was conducted for each at the seven traits. Even though permutation 
based on LRT threshold values differed slightly among the seven traits, these differences 
were minimal, so a common LRT value of 15 (LOD = 0.217 x 15 = 3.3) was used for the 
single marker analysis of all traits. However, in SIM and CIM, LRT threshold values 
varied depending upon measured trait, water treatment (irrigated v.s. rainfed), and year, 
thereby necessitating specification of LRT threshold for each trait-water-year 
combination.   
       In WinQTL, the parameters for single-QTL models included a minimum distance of 
5cM between the putative map positions of adjacent putative QTLs. A minimum one-
score LOD declination value was required between two adjacent putative peaks (if both 
peaks exceeded the LOD threshold value) to declare the two peaks as separate QTLs (as 
opposed to one QTL peak with a “shoulder”). The LOD peak values, additive effects, and 
95% or 99% LOD support intervals were estimated according to each marker position 
(SMA) or interval (SIM or CIM) within each LG. A LOD score profile was generated 
using a 1 cM walking speed.  
Single Marker Analysis (SMA): The assumptions for this analysis are as follows: The 
trait variances for the two inferred QTL genotypes (QQ and qq) are equal as σ2 (MSE) 
and phenotypic variables (traits) used in SMA follow normal distribution (effectively, a 
mixture of two normal distributions with different means and proportions for each 
flanking marker classes). WinQTL was used to fit the data to the simple linear regression 
method and appropriate model is as follows: Yij = b0 + b1 Xi + eij. (Yij: i
th
 individual at j
th
 
replication, b0: intercept, b1: slope, Xi: indicator variable for marker type, eij: residual,  
N(0, σe
2), i = 1, 2, …, 300). The primary interest in SMA is whether a marker is linked to 
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a QTL. Therefore, the null hypothesis (H0) was that there was no QTL linked a marker 
(H0 in LRT).  
Simple Interval Mapping (SIM): Four types of putative QTL genotypic probabilities and 
expected genetic values conditional on flanking marker genotype data were estimated 
using algorithms for hidden Markov model (Broman, 2003) or Markov Chain Monte 
Carlo (MCMC). Again, considering just one putative QTL in the genome is located 
between the two flanking markers, the following assumptions apply: phenotypic traits 
follow normal distribution: yi ~ N(μ, σ
2
) (yi: i
th
 RIL trait value, μ: population mean, σ2: 
phenotypic variance, i = 1, 2, … , 300). Phenotypic variances for the two types of 
putative QTL genotypes, QQ and qq, were assumed to be equal, meaning that for each 
given phenotypic trait, there is a mixture of two normal distributions with a probability 
density function (PDF) of f(yi) = ∑jPijø(yi,μj,σ
2
) (yi: i
th
 RIL trait value, Pij: conditional 
probabilities, ø: density of normal distribution, μj: expected each QTL genotypic mean – 
μ1 and μ2, σ
2
: variances for the two types of putative QTL genotypes – σQQ
2
 and σqq
2
, i = 1, 
2, …, 300). A 3-locus model is assumed relative to the joint probabilities required 
between the two flanking marker loci and the putative QTL locus. It was necessary to 
define status of coefficient of coincidence (C). Because Kosambi mapping function 
(Kosambi, 1944) was used for linkage map construction of H x C population, the 
coefficient of coincidence (C) ranged from 0 to 1. Hardy-Weinberg Equilibrium was 
assumed for all genetic markers (i.e., the frequencies for the A and B marker alleles were 
assumed to be as 0.5 and 0.5 in this RIL population. Linkage disequilibrium (LD) value 
(D value) was ignored in the analyses, even though soybean has small LD value. If LD 
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value was considered, joint or conditional probabilities would be more complicated to 
estimate. 
       The basic linear model for SIM was the same as that used in SMA. However, unlike 
SMA, SIM uses joint probabilities based on two flanking markers, such that the 
likelihood function for SIM is based on conditional probabilities and expected putative 
QTL genotypic means as follows: 
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(i = 1, 2, …, 300, j = 1, 2, N = 300, σ2: variances for the two types of putative QTL genotypes) 
A genome walk speed of 1 cM was used to test each given flanking marker pair in the 
genome for evidence of an interesting QTL. The null hypothesis (Ho) was that there was 
no QTL in anywhere in whole genome. The alternative hypothesis (Ha) was that there 
was a single QTL present in an interval between a given pair of flanking markers. 
Composite Interval Mapping (CIM): The basic assumptions for CIM are the same as 
those of SIM. The null hypothesis (Ho) is that there is no QTL in anywhere across the 
whole genome. The alternative hypothesis (Ha) is that there is a QTL in an interval 
between flanking markers.  
       In WinQTL, model 6 (recommended model) was chosen to conduct CIM analysis on 
the H x C data set. Up to five markers were used as control background markers. For 
background marker selection, stepwise selection method was used to mitigate errors 
arising from using only a forward or only a backward selection approach. To avoid 
having too many background markers (model overfitting), alpha values of 0.05 was used 
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for the forward regression and then for the backward regression. A window size of 1 cM 
on either side of the interval flanked by a marker pair was chosen for background marker 
effect control, and to generate a more precise LOD profile across the whole genome than 
would be generated by the default window size of ten. The CIM model (Zeng, 1994) can 
be described as follows:   
j
ε
i,ik
kj
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k
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ij
X
i
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j
y 


1
0  
(j: j
th
 individual, b0: the interceptor or overall mean, bi: QTL genetic effect between markers i and 
i+1, Xij: dummy variable according to each flanking marker combination, bk: partial regression 
coefficient about marker k, Xkj: dummy variable for marker k and individual j taking 1 or 0 
according to the marker genotype, AA or aa, εj: error term, which follows normal distribution 
with mean, 0, and variance, σ2ε) 
Multiple-Trait Mapping: An additional test was possible using WinQTL software. One 
first evaluates the significance of the QTL additive effect (Ho: a = 0, Ha: a > 0 or a < 0), 
and then evaluates the significance of the interaction between a QTL and the field trial 
environments (Ho: Q x E = 0, Ha: Q x E ≠ 0). The multiple trait test was used only with 
the two years (1998 and 1999), so here Q x E was technically limited to Q x Year (Q x Y) 
interactions.  
       Multiple-trait mapping for Q x Y was based on CIM method (Jiang and Zeng, 1995). 
The selection procedure for cofactor (stepwise selection with 0.05 P-values), window size, 
and genome walk speed were the same as those of previous CIM method. The 
permutation procedure was different. Because two same traits in different year were 
jointly permutated, the two same traits in the same 1998 or 1999 field water condition 
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were independently randomized to obtain the significant LOD value across the whole 
genome at overall α value of 0.05. Therefore, LOD threshold values were obtained for 
three “traits” (i.e., 1998 seed protein, 1999 seed protein in 1999, joint year seed protein).  
QTL Analysis Based on a Multiple-QTL Model 
Multiple Interval Mapping: QTL Network software developed by Yang et al. (2007, 
2008) was used to apply the MIM method to the H x C RIL data. The basal assumptions 
for the MIM were almost the same as those for the single-QTL model of the CIM method 
in WinQTL. However, Bayesian method via Gibbs sampling (Wang et al., 1994) was 
used for parameter estimation in MIM. Each sequential model was converted into final 
model using stepwise model selection procedure. A genome-wise threshold value of 0.05 
was used as overall α level for each sequential model using F-test. Therefore, the QTL 
Network software generates an F-statistic profile instead of a LOD profile.  
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Results & Discussion 
Analysis of Variance: The analysis of variance for each of the seven traits was applied to 
the data collected in the irrigated and rainfed field trials conducted in 1998 and 1999 
(Table 3-1 to Table 3-7). There was a significant RIL effect for all traits but seed yield. 
All interactions were significant for seed yield, plant height, and 100-seed weight. For 
other traits, some of the two-way interactions were not significant.  
       The main effects, water and year were not significant for in the analysis of any trait. 
The two interactions of Year x RIL and Water x Year were not significant in the protein 
and oil analyses. The Year x RIL interaction term was significant for lodging, height, 
100-seed weight, and seed yield. The Water x RIL interaction was significant for 
maturity date, height, 100-seed weight, and seed yield. 
       The linear regression results of regressing rainfed (0% ET) RIL yield on irrigated 
(100% ET) RIL yield in 1998 and 1999, generated R
2
 values on 1998 and 1999 were 0.08 
and 0.20, respectively (Figure. 3-1). The Harosoy parent is very susceptible to root rot 
caused by phytophthora sojae, and this disease substantially affected root-rot susceptible 
RILs in the 1999 irrigated trial, resulting in those RILs having lower yield in irrigated 
than in rainfed conditions. Consequently, RIL means were not averaged across the water 
and year treatment for subsequent combined QTL analyses. Instead, a least square mean 
was estimated for each RIL on a per water and year basis for separate analyses.  
Information on the Population Grandparents and Parents: Values for the seven traits 
of four grandparents and two parents are reported in GRIN and are summarized in (Table 
3-8). Note that Harosoy and Clark do not differ much in seed protein and oil.  
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       The significance of the difference between two parent means in the irrigated and 
rainfed trials conducted in 1998 and 1999 was estimated by a t-test (Table 3-9). The 
statistical power of that t-test is also shown. Only in a few cases, parental differences 
were not statistically significant, but most were significant (though some with low power). 
These results indicated that the parental means for the seven traits were different (with 
statistical high power). A parental difference is, of course, a necessary assumption of 
standard single-QTL model analysis since transgressive segregation requires at least two 
QTLs.  
Normality Tests: The single and multiple QTL models used in this research assume that 
the phenotypic traits follow a normal distribution, which means the residuals follow 
normal distribution and are independent. The normality test of each trait was conducted for 
each water treatment and year (Table 3-10). Non-normality was detected in most of the 
trait values though the non-normality was not very substantive. For most traits, the degree 
of skewness was small and mostly positive (i.e., skewing to the right tail of the 
distribution). This was also case with kurtosis, although 100-seed weight had high values 
that are indicative of an acute peakedness about the distributional mean (i.e., little 
variation). Although the two normality test methods revealed that some of the trait-water-
year data sets were not normally distributed, only the 100-seed weight trait was consistent 
in all data sets, perhaps due to skewed distribution. No attempt was made to improve 
normality by data transformation.  
Trait Heritabilities: Heritability was estimated based on progeny mean basis (Knapp et 
al., 1985) (Table 3-11). Heritabilities in the broad sense were estimated for the seven 
traits averaged over years, but within each water treatment type (Table 3-12). As 
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heritability is statistical estimator and depends on population type and environmental 
conditions, more precise estimates of heritability would require more years and locations 
for each water treatment type that more possible in this dissertation research.  
       Heritability estimates for each of some traits have been reported by others (Fehr and 
Weber, 1968; Smith et al., 1968; Byth et al., 1969b; Brim, 1973). The heritability values 
for lodging, height, seed yield, and 100-seed weight obtained in H x C population were 
lower than those reported previously. The heritability values reported by Smith et al. 
(1968) and Byth et al. (1969b) were particularly higher than those obtained for this H x C 
population.  
       Although the residual error variances as MSE were very small, the Year x RIL 
interaction variances for lodging, height, seed yield and 100-seed weight traits were quite 
large relative to RIL variances (see Table 3-1 to Table 3-7). This was the reason the 
estimated heritabilities were lower. In addition, heritabilities for RILs grown with without 
irrigation were somewhat at lower for most traits, probably because of significant Water 
x RIL interaction. In any case, all heritability estimates were within in the upper and 
lower values of confidence intervals relative to previous studies.   
Phenotypic Correlations: Phenotypic correlation coefficients among seven traits on the 
H x C RIL data combined over irrigation and year treatments were estimated based on 
phenotypic variances and covariances between paired traits (Table 3-13). For comparison, 
phenotypic trait data for 1,146 Glycine max accessions (based on GRIN) were also 
evaluated for the correlation coefficient (γ) between the seven traits (Table 3-14). 
       Most of the γ values in GRIN and H x C population were significant except for the γ 
value between lodging and yield. Most of γ values in GRIN data also were greater than 
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those of H x C population. The signs of γ values were also consistent with both results 
except for those between height and protein (or oil).  
       In the many previous studies, the traits of seed protein, seed oil and, seed yield have 
been consistently reported as having phenotypic or genotypic correlations that were 
positive for seed oil and seed yield, but negative for seed protein and seed oil, and also 
negative for seed protein and seed yield (Hanson et al., 1961; Throne and Fehr, 1970; 
Wilcox and Cavins, 1995; Helms and Orf, 1998; Chung et al., 2003). The data in Table 
3-13 and 3-14 are consistent with those reports.  
       Fig. 3-2 shows scatter plots for seed protein and seed oil (top) and for seed oil and 
seed yield (bottom) based on the LS means in the H x C population of 300 RILs. 
Although R
2
 value (Fig. 3-2) for the regression of seed oil or seed protein (or seed yield) 
and the correlations are both low (Table 3-13), the sign of regression and correlation 
values were approximately the same as those of found in the GRIN data (Table 3-14) and 
those previously reported in the literature. The γ value for RIL seed protein and seed oil 
showed strongly positive correlation, and was greater rather than that of GRIN data.  
       Seed yield and two traits (maturity date and height) showed a positive relationship, 
and these results were consistent with phenotypic or genotypic correlation reported in 
many literature reports, even though seed yield and maturity date showed weak negative 
correlation in GRIN date due to a summation over various maturity groups (000 – IV) 
(Anand and Torrie, 1963; Kwon and Torrie, 1964; Byth et al., 1969a; Simpson and 
Wilcox, 1983; Mansur et al., 1996). Most literature reports noted a strong positive 
relationship between seed yield and maturity or height using various populations.  
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       Plant lodging and seed yield in H x C population and GRIN data were only weakly 
negative correlated. Johnson and Bernard (1963) reported no correlation between lodging 
and seed yield. According to other researchers (Anand and Torrie, 1963; Kwon and 
Torrie, 1964; Simpson and Wilcox, 1983; Mansur et al. 1996), lodging and seed yield 
have strongly positive correlation. However, Byth et al. (1969a and 1969b) showed that 
lodging and seed yield had a negative relationship.  
       Seed yield and 100-seed weight showed positive relationship. Some authors reported 
that these traits showed either negative or positive correlation according to different 
populations (Anand and Torrie, 1963; Kwon and Torrie, 1964; Byth et al., 1969b; 
Mansur et al., 1996). However, other researchers have shown that the 100-seed weight is 
positively correlated with seed yield (Johnson and Bernard, 1963; Byth et al., 1969a; 
Burris et al., 1973; Smith and Camper, 1975; Simpson and Wilcox, 1983).  
       The relationship among maturity date, lodging, and height showed strongly positive 
correlation. The correlation between other traits was compared with the RIL results 
obtained by Mansur et al., (1996). The correlations in Table 3-13 for lodging and seed 
protein, maturity date and seed oil, lodging and seed oil, maturity date and 100-seed 
weight, and seed oil and 100-seed weight were not consistent with results of Mansur et al. 
(1996), but were consistent with that of GRIN data. However, the Mansur et al. (1996) 
RIL population was much earlier maturing than the H x C population. 
Quality Check: Four classical markers were used as the quality check for maintaining 
RIL purity in the H x C population. Table 3-15 shows the classical maker information 
used in H x C population. Harosoy and Clark have purple flower colors, so hilum color 
status was identified based on the combination of three classical marker alleles 
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interacting with purple flower color (Table 3-16). The genotypes with the i
i
 allele have 
pigment restricted to the hilum color. The “bleeding” of pigmentation near the hilum was 
likely caused by soybean viruses.  
QTL Analysis in Single QTL Models: The association between inheritance of 
quantitative seven traits and inheritance of genetic markers was evaluated. All QTL 
results presented here for a single QTL model were based on LRT statistics. Since SMA 
and SIM have many disadvantages as QTL model, these methods were not used to 
finalize just how many QTLs might exist in each LG for each trait. However, the QTL 
results obtained with SMA and SIM will be briefly described here. Subsequently, the 
QTL results from the CIM and MIM models will be presented. All additive effect values 
shown in the SMA, SIM, and CIM result tables are those computed for the Harosoy 
parental allele, which if negative reduces the trait value. In CIM, a LOD confidence 
interval was calculated to make a decision as to whether two or more QTLs might be the 
same QTL.  
Single Marker Analysis: All SMA results for the seven traits are presented in Appendix 
Table D for each of the four water-year data sets. The permutation threshold value was 
3.3 for all data sets. A total of 13 markers on LGs A2 (1), C1b (1), C2 (2), E (3), G (1), H 
(2), and O (3) were associated with seed protein. Six markers on LGs D1a2 (1), E (3), 
and O (2) were associated with seed oil. Seven markers on LGs C2 (2), F2 (1), and O (4) 
were associated with 100-seed weight. Three markers on LG O were associated with 
maturity date. Seven markers on LGs C1b (1), E (3), and O (3) were associated with plant 
lodging. Three markers on LG O were associated with plant height. Four markers on LGs 
A2 (1), H (1), and O (2) were associated with seed yield.  
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Simple Interval Mapping: Permutation threshold values for the four water-year data sets 
ranged from 14.5 to 16.1. The SIM results for the seven traits are presented in Appendix 
Table E. The QTLs for seed protein were detected on LGs A2, C1b, C2, E, G, H, and O.  
The marker Satt592 (LG O) had the highest R
2 
(0.190). The QTL additive effects for seed 
protein ranged from 0.27 to 0.55 percentage points with Harosoy QTL allele in the first 
four LGs decreasing protein, but increasing it in the last three LGs.   
       The markers associated with seed oil were found on the LGs D1a2, D2, E, and O. 
Marker Satt243 (LG O) had the highest R
2 
(0.30). The QTL additive effects for seed oil 
ranged from 0.13 to 0.56 percentage points, with Harosoy QTL allele increasing oil in all 
LGs but D1a2.   
       The QTLs related to 100-seed weight were located on LGs A1, C2, F, M, and O. The 
marker Satt581 (LG O) had the highest R
2
 (0.204). The Harosoy QTL allele produced 
higher weights in all LGs except F2 and M though the Harosoy allele of Satt581 (LG O) 
unexpectedly decreased seed weight in 1998. The additive effects ranged from 0.29 to 
0.75 g.  
       The only QTLs detected for maturity date were found in the 98.9 to 145.9 cM region 
on LG O. All these markers except for two markers, BARC-060257-16508 and BARC-
065805-19758 (map positions 98.9 and 99.2 cM) showed high R
2
 (ranged from 0.31 to 
0.88). At all markers, the Harosoy allele hastened plant maturity by about 5 – 10 days, 
which is consistent with the known 7-day hastening of maturity by classical gene allele e2.  
       The QTLs associated with plant height were identified on LGs F2 and O. The 
classical gene marker Matur_E2 located on LG O is very likely the maturity gene locus 
(E2/e2) and it accounted for the highest R
2
 (0.85) for plant height. The Harosoy QTL 
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allele additive effect on LG F2 increased plant height by +1.31 to +1.68 cm, but in LG O, 
it decreased by -1.84 to -5.31 cm, a result attributed to less plant height in early maturing 
plants.  
       QTLs related with plant lodging were detected on LGs E, G, C1b, and O. The 
Harosoy QTL allele additive effects in most LGs ranged from -0.16 to -0.43 in terms of 
visually scored increased erectness, although the Harosoy QTL allele on LGs E and G 
increased lodging in 1998.  
       Seed yield QTLs were identified on LGs A2, C2, and O. The Harosoy QTL allele 
produced lower seed yield in all LGs except C2 though the Harosoy allele of Satt243 (LG 
O) unexpectedly increased seed yield in 1998. The markers on LG O accounted a high 
seed yield R
2
. This was likely due to RIL maturity differences. The Harosoy QTL allele 
additive effects ranged from -75.6 to -308.4 kg/ha. So clearly, early maturity depressed 
seed yield potential.  
Composite Interval Mapping: The LRT threshold value ranged from 14.99 to 16.20 in 
the various trait-water-year data sets. In the H x C population, threshold values of some 
traits in CIM were unexpectedly lower than those in SIM. All CIM results are presented 
in Table 3-17. 
       Twelve seed protein QTLs were detected on LGs A2 (1), C1b (1), C2 (2), E (2), H 
(1), M (1), N2 (1), and O (3). Two QTLs located at 171.5 and 180.5 cM (as mean 
position) on LG A2 were detected to be the same QTL based on the 99 % confidence 
interval (CI). Three QTLs on LG C2 also had near-identical map position (150.7 or 151.7 
cM), so there also were declared to be one QTL. Most R
2
 values were low (< 0.10) except 
for the R
2
 values of the QTLs on LG O. The marker Satt581 (LG O) showed the highest 
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LOD score value (13.4 on average) and accounted for 16.3 % of the heritable variation of 
seed protein. The additive effects ranged from 0.24 to 0.53 percentage points. In LGs C1b, 
H, M, and O, Harosoy QTL allele increased seed protein. 
       The eleven QTLs identified for seed oil were located in LGs C2 (2), D1a2 (3), D2 (1), 
E (1), G (1), I2 (1) and O (2). Two QTLs located at 163.1, and 164.1 cM on LG D1a2 
were declared the same QTL based on overlapping CI value. The marker, BARC-
015925-02017 (LG O) accounted for the highest additive effect (0.37 %) and the marker, 
Matur_E2 showed the highest heritable variation (12.3 %) of seed oil. The additive 
effects ranged from 0.13 to 0.37 percentage points. The Harosoy QTL allele increased 
seed oil in all LGs but D1a2, G, and I2.    
       The eleven identified 100-seed weight QTLs were found on LGs A1 (1), A2 (1), C2 
(2), F2 (1), G (2), I2 (1), M (1), and O (2). Two QTLs located at 74.7 and 76.0 cM on LG 
F2 were called the same QTL. In LG O, two QTLs located at 129.9 and 133.0 cM (as 
mean position) were declared the same QTL due to CI values. Two markers, Satt581 and 
BARC-015925-02017, on LG O had high R
2 
values (0.165 and 0.229, respectively) and 
high additive effects (0.78 and 0.66 g, respectively). The Harosoy QTL allele decreased 
seed weight in all LGs except A1, C2, and O.  
       Five maturity date QTLs were identified on LGs B2 (1), D2 (1), N1 (1) and O (2). 
The additive effects of two markers, Satt581 and Matur_E2, on LG O ranged from -3.75 
to -9.67 days. The Harosoy QTL allele hastened maturity in all LGs but N1. The marker, 
Satt581 accounted for the highest additive effect (9.67 days) and R
2
 (0.218).  
       Six QTLs associated with plant height were identified on LGs F2 (3), I2 (1), and O 
(2). Two QTLs located at 133.0 and 134.7 cM on LG O were declared the same QTL. 
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Marker Satt581 on LG O had the highest additive effect (4.22 cm) and accounted for 46.8% 
of the heritable variation in plant height. The Satt581 Harosoy allele depressed plant 
height because of the linkage of Satt581 with the Matur_E2 classical allele e2 (i.e., 
Harosoy is an e2e2 genotype).  
       Nine QTLs for plant lodging were identified on LGs C1b (1), E (2), F2 (1), G (2), 
and O (3). Two QTLs located at 159.0 and 160.0cM on LG G were declared the same 
QTL based on overlapping CI values. Two QTLs located at 128.9 and 129.9 cM on LG O 
also were declared the same QTL. The two QTLs on LG O had high R
2
 values, but the 
QTL on LG F2 had a very low R
2 
value (0.0002). The Harosoy QTL allele resulted in 
more erect plants (i.e., lower lodging score) in all LGs but E and G.  
       Seven QTLs for seed yield were identified on LGs, A2 (1), C2 (3), M (1), and O (2). 
Two QTLs located at 144.7 and 146.9 on LG O were called as the same QTL. The 
marker, BARC-015925-02017 on LG O showed the highest R
2
 (0.155) and additive 
effect of the Harosoy allele at this marker was -303.5 kg/ha, again result of early 
maturing RILs having less seed yield.  
QTL x Year Interaction: Based on previous CIM test results, most QTLs had significant 
additive effects in the multiple-trait mapping method. When a LOD value of joint trait 
was substantively greater than the LOD significance criterion, one can be more confident 
about the existence of a QTL. However, the next step was to evaluate the significance of 
Q x Y effect with multiple-trait mapping.  
       The Q x Y interaction for seed protein was significant only in the irrigated trials. 
Two QTLs on LGs C2 (located at 150.7 and 191.6 cM) were used for evaluation of Q x Y 
effect in the irrigated trials (Fig. 3-3). The QTL additive effects in each year had the same 
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sign and nearly the same magnitude. These results indicated that QTL allele on LG C2 
seems to have a stable additive effect across the years. Therefore, two QTLs detected on 
LG C2 could possibly be useful in other years.  
       Two QTLs for seed oil on LGs C2 and D1a2 (located at 195.4 and 163.1 or 164.1 cM, 
respectively) were used to evaluate the Q x Y interaction in irrigated trials (Fig. 3-4). 
Two QTL additive effects had the same sign and magnitude in both years though the 
1999 LOD score was higher. In addition, another QTL for seed oil on LG D1a2 (located 
at 161.5 cM) was used for Q x Y interaction in rainfed trials (Fig. 3-5). The additive 
effect for this QTL in both years had the same sign and magnitude. 
       Two QTLs for maturity date on LG O (located at 133.0 and 145.9 cM) were used to 
evaluate the Q x Y interaction in both water conditions (Fig. 3-6 and Fig. 3-7). In 
irrigated field trials, the two QTL additive effects had the same sign and magnitude in 
both years. Therefore, these additive effects of the two QTLs seem to be stable over years. 
In rainfed field trials, the additive effects of the two QTLs had the same sign, but 
magnitude of one QTL additive effect (located at 145.9 cM) in both years was little bit 
different (though almost same). These results indicated that one QTL (located at 145.9 
cM) might have a useful effect in some years but may be not so useful in other years.  
       Three QTLs for plant lodging on LG O (located at 129.9, 133.7, and 145.9 cM) were 
significant for Q x Y effect in irrigated field trials (Fig. 3-8). These QTL additive effects 
also had the same sign though the magnitudes were little bit different between years.  
       Two QTLs for plant height on LG O (located at 133.0 and 145.9 cM) were 
significant for Q x Y effect in both water conditions (Fig. 3-9 and Fig. 3-10). In irrigated 
field condition, two QTL additive effects had the same sign though the magnitudes were 
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little bit different between years. In rainfed field trials, two QTL additive effects had the 
same sign and magnitudes in both years.  
       One QTL for 100-seed weight on LG F (76 or 77 cM) was significant for Q x Y 
effect in irrigated field trials (Fig. 3-11). One QTL additive effect had the same sign and 
magnitude in both years. In rainfed trials, one QTL on LG O (located at 133.0 cM) was 
significant for Q x Y effect (Fig. 3-12). This QTL additive effect had different sign 
between the years (i.e., negative effect of the Harosoy parental allele in 1998, but positive 
in 1999). The magnitude of this QTL additive effect was also less different from zero in 
1999 than in 1998. Therefore, this QTL allele is likely not useful since its effect would 
not be predictable in any forthcoming year.  
Multiple Interval Mapping: All MIM results are presented in Table 3-18. The MIM 
analysis for each trait was conducted over years, but separately for the irrigated trials and 
for rainfed trials. As described earlier, all additive effect values shown in the MIM result 
table also are those computed for the Harosoy parental allele, which if negative reduces 
the trait value. In addition, a LOD confidence interval was calculated to make a decision 
as to whether two or more QTLs might be the same QTL.  
       A total of 13 QTLs for seed protein were identified on LGs A2 (1), C1b (1), C2 (1), 
D2 (1), E (2), G (3), H (1), M (1), N2 (1), and O (1) in both water conditions. Eight QTLs 
on LGs A2 (1), C2 (1), E (2), H (1), M (1), N2 (1), and O (1) were previously identified 
with CIM (Table 3-17) and the location of QTLs were the almost the same except for the 
QTL on LG H. Five QTLs on LGs C1b (1), D2 (1), and G (3) were newly identified in 
the irrigated field trial data using MIM. The marker Satt581 on LG O (133.1 cM) had the 
highest additive effect (0.44 %) and accounted for 3.67 % of the heritable variation of 
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seed protein in both water conditions. The additive effect ranged from 0.09 to 0.44 
percentage points. The marker Satt581 (LG O) showed the highest additive effect (0.44 
percentage points). The Harosoy QTL allele increased seed protein in all LGs except A2, 
C2, E, and N2.  
       The software package QTL Network was used to generate predicted genomic 
architecture for the seed protein QTLs in the irrigated and rainfed trials (Figs. 3-13 and 3-
14). Definitions of symbols in genomic architecture are as follows: The black solid circle 
denotes a locus with no additive effect. The blue solid circle denotes QTL that has 
additive effect and Q x Y interaction effect. The green circle denotes a locus with only 
additive x Y interaction effect. The red solid circle denotes QTL with only additive effect. 
The blue dotted line denotes both epistasis and epistasis x Y interaction effect. The green 
dotted line denotes only epistasis x Y interaction effect. The red line denotes only 
epistatic main effect. Note that the marker name in genomic architecture is different from 
original marker name due to the software problem. Therefore, it will be convenient to 
refer to actual nearest marker name in Table 3-17. One QTL on LG O (located at 133.1 or 
136.7 cM) in both water levels had significant Q x Y interaction effects of -0.147 % (P ≥ 
0.0079) for Q x Y1998 and 0.137 % (P < 0.0132) for Q x Y1999 in the irrigated trials, and 
effects of 0.391 % (P < 0.0000) for Q x Y1998 and -0.381 % (P < 0.0000) for Q x Y1999 in 
the rainfed trials. Each Q x Y interaction effect in both field trials had different sign. The 
magnitude of each Q x Y interaction effect in both field trials was less different. These 
results indicated that this QTL effect would not be stable over the years. No Q x Q 
epistasis was detected for these two QTLs. However, two loci (located at 54.9 and 46.8 
cM) on LGs A1 and C1b had a epistatic effect (0.1774 %, P < 0.0000) in the rainfed trials 
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(shown by the red-line connection in Fig. 3-14) even though these two loci were not 
identified as QTLs. The portion of variation contributed by this interaction was little bit 
small (0.0059). There was no Q x Q x Y1998 or Q x Q x Y1999 interactions in either the 
irrigated or rainfed trials.  
       A total of 11 QTLs for seed oil were identified on LGs C2 (2), D1a2 (2), D2 (1), E 
(1), G (1), I2 (2), and O (2). Nine QTLs on LGs C2 (2), D1a2 (2), D2 (1), E (1), I2 (1), 
and O (2) were previously identified with CIM and the locations of those QTLs were the 
almost the same except for the QTLs on LG C2 (156.6 cM) and I2 (76.6 cM). Two QTLs 
on LGs G and I2 were newly identified in the rainfed trials using MIM. Marker Satt243 
on LG O (145.7 cM) had the highest additive effect (0.26 %) and accounted for 12.3 % of 
the heritable variation of seed oil in both field conditions. The additive effect ranged from 
0.06 to 0.26 %. The Harosoy QTL allele increased seed oil in all LGs except D1a2, G, 
and I2).  
       The predicted genomic architectures for the seed oil QTLs are shown in Figs. 3-15 
and 3-16. Two QTLs on LG O (located at 147.9 and 137.7 cM) showed significant Q x Y 
interactions in both irrigated and rainfed trial data. The interaction effects were 0.0665 % 
(P < 0.0465) for Q x Y1998 and -0.0671 % (P < 0.0446) for Q x Y1999 in the irrigated trials, 
and were -0.2547 % (P < 0.0000) for  Q x Y1998 and 0.2513 % (P < 0.0000) for Q x Y1999 
in the rainfed trials. Each Q x Y interaction effect in both field trials had different sign. 
The magnitude of each Q x Y interaction effect in both field trials was less different. 
These results indicated that these QTL effects would not be stable over the years. 
Epistasis (0.0877 %) was observed the between two QTLs on LGs C2 and D2 (located at 
197.3 and 68.8 cM) in the irrigated trials. The portion of variation contributed this Q x Q 
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interaction was 0.0102. There was no Q x Q x Y interaction in either water condition. 
However, there were interactions between two loci that have no individual additive effect 
in each water condition. The loci on LGs A2 and K (located at 44.1 and 149.3 cM) 
showed significant epistasis (-0.1547 %, P < 0.0000) in the irrigated trials. The portion of 
variation accounted for by this interaction was 0.0372. Two pairs of loci showed 
significant epistasis in the rainfed trials. One pair was on LGs A2 and N2 (located at 4.7 
and 0.0 cM) and the other pair was on LGs D1b and D2 (located at 62 and 85.2 cM). 
Each epistasis was 0.1388 and 0.1162 %, respectively. The portion of variation accounted 
by these non-QTL interactions was 0.0264 and 0.0198, respectively.  
        Seven QTLs for the seed weight were identified on LGs A1 (1), C2 (2), D1a2 (1), 
F2 (1), I2 (1), and O (1). Four QTLs on LGs C2 (1), F2 (1), I2 (1), and O (1) were 
previously identified with CIM and the locations of these QTLs were almost the same 
except for the QTL on LG F in the rainfed trials. The heritability of seven QTLs ranged 
from 0.003 to 0.0579. The additive effect ranged from 0.12 to 0.36 g. The Harosoy QTL 
allele increased seed weight in all LGs except D1a2, F2, and I2.  
       The predicted genomic architectures for the seed weight QTLs are presented in Figs. 
3-17 and 3-18. One QTL on LG O (located at 133.1 or 132.1 cM) exhibited significant Q 
x Y interaction in both the irrigated and rainfed trials. The interaction effects were -0.384 
g (P < 0.000007) for Q x Y1998 and 0.3617 g (P < 0.000025) for Q x Y1999 in the irrigated 
trial. The interaction effects were -0.5052 g (P < 0.000000) for Q x Y1998 and 0.5169g (P 
< 0.000000) for Q x Y1999 in the rainfed trials. An epistasis effect was detected between 
two QTLs in the rainfed trials. While two QTLs on LGs F2 and I2 (located at 83.5 and 
100.7 cM) have negative sign, epistatic effect showed positive sign (0.1265 g, P = 
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0.04359). The portion of variation accounted for by this interaction was 0.0044. There 
was no Q x Q x Y interactions in either eater condition.  
       A total of nine QTLs for the maturity date on LGs A1 (1), D2 (2), E (1), M (2), N1 
(1), and O (2) were identified in both water conditions. Three QTLs on LGs D2 (1), N1 
(1), and O (1) were previously identified with CIM. Six QTLs on LGs A1 (1), D2 (1), E 
(1), M (2) and O (1) were newly identified using MIM. Two QTLs on LG O (located at 
127.0 and 145.9 cM or 129.0 and 146.9 cM) at both field conditions showed high 
heritability, which ranged from 0.51 to 0.57. Additive effect ranged from 0.41 to 5.46 
days. The Harosoy QTL allele increased maturity date in all LGs except A1, M, and N1. 
       The predicted genomic architectures for the maturity date QTLs are presented in Figs. 
3-19 and 3-20. One QTL on LG O (located at 129.0 cM) at rainfed field trials had 
significant Q x Y interaction effect. The interaction effects were 0.9276 days (P < 
0.00033) for Q x Y1998 and -0.9131 days (P < 0.000409) for Q x Y1999. An epistasis effect 
was detected between two QTLs on LG O (located at 127.0 and 145.9 cM or 129.0 and 
146.9 cM) in the both water conditions. Each epistatic effect was 1.854 days (irrigated) 
and 2.457 days (rainfed). While two QTLs on LG O had negative sign, each epistatic 
effect had positive sign. The portion of variation accounted for by each epistasis was 
0.0202 (irrigated) and 0.0192 (rainfed). The two loci (as non-QTL) on LGs C2 and D1a2 
(located at 124.6 and 32.3 cM) showed epistatic effect in the rainfed field trials (-0.773 
days, P = 0.000012). The portion of variation accounted for by this interaction was 
0.0068. There was no Q x Q x Y interaction at both field conditions. 
       A total of six QTLs for the plant height were identified on LGs C1b (1), E (1), F2 (2), 
and O (2). Three QTLs on LGs F2 (2) and O (1) were previously identified with CIM and 
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the locations of these QTL were almost the same with MIM. Three QTLs on LGs C1b (1), 
E (1), and O (1) were newly identified in the irrigated trials using MIM. Two QTLs on 
LG O (located at 130.0 and 133.7 cM) had high heritability, which ranged from 0.33 to 
0.45. The heritability of other QTLs ranged from 0.006 to 0.45. The Harosoy QTL allele 
increased plant height in all LGs except E and O.  
       The predicted genomic architectures for plant height QTLs are presented Figs. 3-23 
and 3-24. Two QTLs on LGs F2 (73.4cM) and O (133.7cM) in the irrigated trial had a 
significant Q x Y interaction. The interaction effects of Q x Y1998 and Q x Y1999 on LG F2 
were 0.4685 cm (P < 0.0417) and -0.4660 cm (P < 0.0428), respectively. The interaction 
effects of Q x Y1998 and Q x Y1999 on LG O were 0.5195 cm (P < 0.0228) and -0.5185 cm 
(P < 0.0231), respectively. The two QTLs on LGs C1b and E (located at 58.4 and 75.6 
cM) exhibited a Q x Q epistatic effect (0.687 cm) in the irrigated trials. The portion of 
variation accounted by this interaction was 0.0102. No Q x Q x Y interaction was 
detected in either field trials. All estimated heritabilities except for the main additive 
effects of the two QTLs on LG F2 and O were very low (< 0.02).  
       A total of eight QTLs for the plant lodging were identified on LGs B2 (1), C2 (1), E 
(2), G (2), M (1), and O (1). Four QTLs on LGs E (1), G (2), and O (1) were previously 
identified with CIM and the locations of these QTLs were almost the same as those with 
MIM. Four QTLs on LGs C2 (1), B2 (1), E (1), and M (1) were newly identified in both 
water conditions using MIM. One QTL on LG O (located at 130 cM) showed the highest 
heritability (0.15) in both water conditions. Heritabilities of these QTLs ranged from 
0.0008 to 0.05. The additive effect ranged from 0.11 to 0.29 degree of erectness. The 
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Harosoy QTL allele resulted in more erect plants (i.e., lower lodging score) in all LGs but 
E and G.  
       The predicted genomic architectures for plant lodging QTLs are shown in Figs. 3-21 
and 3-22. One QTL on LG O (130.0 cM) in irrigated trials had a significant Q x Y 
interaction. The interaction effects of Q x Y1998 and Q x Y1999 were respective 0.0819 (P 
< 0.016624) and -0.0835 (P < 0.014627). No Q x Q or Q x Q x Y interaction was 
detected in either water condition. 
       A total of three QTLs for seed yield were identified on LGs A2 (1) and O (2). These 
same QTLs were previously identified with CIM analysis and had coincidently identical 
map locations The heritabilities of three QTLs ranged from 0.021 to 0.046. The Harosoy 
QTL allele decreased seed yield in all LGs.  
       The predicted genomic architectures for the seed yield QTLs are given in Figs. 3-25 
and 3-26. One QTL on LG O (134.7 cM) had a significant Q x Y interaction in irrigated 
trials. The interaction effects of Q x Y1998 and Q x Y1999 were respective 172.83 kg/ha (P 
< 0.000000) and -171.40 kg/ha (P < 0.000000). There was no epistasis detected between 
two QTLs, nor was Q x Q x Y interactions in either water condition. However, there was 
a significant interaction effect between two loci (as non-QTL) at irrigated field trials. The 
epistatic effect of two loci on LGs D1a2 and G (located at 151.4 and 11.7 cM) was 78.51 
kg/ha. The portion of variation accounted for by this interaction was 0.0153.  
       The QTL analysis using MIM method as implemented with the software, QTL 
Network gave similar results compared to those of CIM method. The locations of most 
QTLs detected by the based two methods were coincidently the same or only slightly 
different, probably because of slightly different results used for parameter estimation. 
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However, QTLs with significant additive effects were newly identified when MIM 
method was used. Another advantage of using the MIM method was the identification of 
various types of interactions such as Q x Q and Q x Y. The Q x Y interaction results 
generated with MIM were limited to the QTLs located LG O.   
       Because QTL location was also an estimator in MIM, some QTLs were the same if 
one considers the confidence intervals about each QTL position. Therefore, the actual 
number of QTLs was decreased. Other confidence intervals such as bootstrapping 
interval using re-sampling, general interval derived from normal distribution, and Bayes 
interval also could have been used. However, these intervals as well as LOD interval can 
be biased depends on marker density, the size of QTL effect, and the type of cross, etc 
(Broman, 2003). Consequently, QTL results based on CIM and MIM in H x C population 
should not be considered final until comfimed in other population  
Statistical Power for QTL Analysis 
QTL detection power in Harosoy x Clark 300 RILs: The QTL detection power depends 
on various conditions such as population type, sample size, error variance, genetic 
variance, critical value, marker density, marker type, selection fraction, replication 
number of experimental design, and analysis method, etc. Co-dominant markers (SSR 
and SNP) were used for H x C linkage map. The co-dominant marker optimizes the 
linkage information compared to a dominant marker (Allard, 1956). An RIL population 
rather than backcross population has greater information content, though less than an F2 
population, because dominance effects are not estimable in near-homozygous RILs.  
       The qtlDesign library in R (Broman et al., 2003; Sen et al., 2005) provides a 
convenient means of calculating power, sample size, and detectable QTL effect based on 
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the above listed parameters, when using a single QTL model. There were some 
assumptions for making this calculation. First, the effect size of the QTL was assumed to 
be small relative to the residual variance. Second, the error variance was assumed not to 
include measurement error, which was ignored. Third, marker density of linkage map 
was assumed to be dense. Fourth, the QTL was assumed to be in located in the center of 
the marker-flanked interval. Fifth, the QTL was assumed to have only additive effect 
gene action (i.e., no dominance effects). Finally, the power was computed based on the 
fact that the genetic variance of an RIL population was assumed to be double that of an 
F2 population and quadruple that of a BC population.  
       For example, consider how the QTL detection power was estimated for seed protein 
measured on the 300 H x C RILs in the irrigated trials conducted in 1998. Based on 
above assumptions, the residual error variance was approximately [(sigmaG)^2]/c + 
[(sigmaE)^2/m], where parameter sigmaG^2 was the genetic variance and c was a 
constant depending on the cross type (1, for RI lines, 1/2 for F2 intercross progeny, and 
1/4 for backcross progeny). The parameter sigmaE^2 was the environmental variance, 
and m was the number of replicates per RIL (m=2). The values for genetic variance 
(among the 300 ILs) and environmental variance (σ2 as MSE) were 0.9921 and 0.5123, 
respectively. The genetic variance was 1.248. The residual error variance is composed of 
non-genetic error variance as environmental variance. These values were calculated by 
SAS program using proc mixed model under BIB field experimental design. All variables 
were treated as random variable.  
       As statistical power was calculated as a LRT statistic, a non-central χ2 distribution 
was used. In addition, one statistical property was used to estimate appropriate sample 
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size as follows: the expected log likelihood ratio test statistic was the expected log 
likelihood ratio test statistic per observation modified by sample size. The minimum 
detectable QTL additive effect size considering residual error variance (1.248), desired 
power (0.8), 1,000-permutation-based threshold value (3.3), sample size (300), and the 
number of replication (2) was 0.306 percentage points. The R
2
 of a QTL exhibiting this 
minimum QTL effect was expected to be 6.967%.  
       An average threshold value was used in qtlDesign program, though of course, 
different threshold values in H x C population were generated for each trait-year-water 
level. The QTL detection power can be increased if the threshold value were to be 
decreased, but this of course, would automatically result in a larger type I error value. 
The residual error variance was also different between years 1998 and 1999 for the seven 
traits. In any event, it would seem that QTLs accounting for about 7% of the trait 
variation could be detectable in the H x C population data set with high statistical power 
(> 80%).  
QTL detection in MIM analysis: The qtlDesign library in R (Sen et al., 2005) gave 
power calculation and similar results comparing those of H x C population based on CIM 
analysis. These results were based on single-QTL model. Some QTL effects in MIM 
analysis were very small and these results were different from those of CIM analysis. 
Because MIM analysis is based on multiple QTL model, more genetic variation can be 
removed from residual or error variance as QTLs are accumulated in the model. 
Therefore, other QTLs can be detected with the same power comparing CIM. This means 
that QTLs having small effects were detected in MIM analysis. 
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Separation of Linked QTLs: Some QTLs seemed to be tightly linked. As mentioned 
before in the CIM analysis section, a decision as to whether two QTLs were just one QTL 
was based on the LOD CI values no matter what QTL analysis was used. For example, 
QTLs for seed oil were detected on LG D1a2 with near-coincidental map positions of 
163.1 cM, 164.1 cM, and 161.5 cM in the CIM analysis. These three QTLs would seem 
to map to same location at a glance, but only two of these three QTLs were coalesced into 
one QTL based on the LOD confidence interval criterion.   
       MIM analysis results on this location indicated these three QTLs could be reduced to 
two QTLs (one at 160.5 cM and one at 163.2 cM). That is, QTL reduction or separation 
was achievable with MIM analysis. In case of LG F2, three QTLs (73.5 cM, 77.0 cM, and 
82.5 cM) were identified based on CIM analysis. However, the QTL located at 77.0cM 
was not identified in the MIM result. LOD profiles (data not shown here) for these three 
QTLs based on CIM result were further investigated as to the sign of their additive 
effects (plus or minus), but all had the same sign. In case of LG O, three QTLs were very 
tightly linked based on both the CIM and MIM results.  
       Therefore, another approach is needed to separate tightly linked QTL. Kao et al. 
(1999) suggested likelihood ratio test using single QTL model (as null hypothesis) and 
multiple QTL model (as alternative hypothesis). They applied a Bonferroni argument to 
desire a critical threshold value. However, this approach was not easy to generally 
implement due to the difficulty of arriving at that critical value. Alternatively, Broman et 
al. (2003) suggested using two-QTL model to resolve the exact map positions of two 
linked QTLs. However, arriving at a critical value using LRT statistic was not easy to do 
or interpret. Neither of these models were used here.  
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H x C QTL v.s. Prior Reported QTLs 
       A final step in any QTL analysis it to determine if any detected QTLs have been 
observed by other researchers. Therefore, the QTLs identified for the seven traits in H x 
C population were compared to those reported in Soybase (http://www.soybase.org). All 
QTL results based on CIM and MIM are presented in Table 3-19. It must be kept in mind 
that QTL information in Soybase originates from many different populations from which 
linkage maps were created with the phenotypes evaluated at different locations using 
many different experimental designs with various marker types. Thus, it was not easy to 
compare QTLs detected in the H x C population with those QTLs detected in other 
studies. Even though a recently developed soybean consensus map version 4.0 (Hyten et 
al., 2010) can provide useful comparative map information, QTL positions between 
consensus map and H x C map could be different due to differences in the precision 
associated with QTL mapping in the many studies.  
       However, determining which markers are closely linked to a QTL would be 
reasonable way to assess which QTLs detected in different reports might be the same 
QTL. As H x C linkage map was constructed with both SSR markers and SNP markers 
(OPA-1 set), two reference maps in Soybase, the consensus map version 4.0, and 
composite map 2003, were used for detecting nearest marker of a QTL. In Table 3-19, for 
QTL identified in a H x C population (gray-colored row), previously reported QTLs 
(white or blue-colored row) within ±20 cM were included in the Table.  
Seed Protein: Among 16 QTLs, nine QTLs on LGs, A2 (1) (175.5 cM), C1b (1) (64.6 
cM), C2 (2) (150.7 cM and 191.6 cM), D2 (1) (145.0 cM), E (2) (21.1 cM and 71.0 cM), 
H (1) (97.5 cM), and M (1) (49.1 cM) were similar locations relative to previously 
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reported QTLs: A2 (1) – Kabelka et al. (2004); C1b (1) – Brummer et al. (1997); C2 (2) 
– Csanádi et al. (2001); D2 (1) – Tajuddin et al. (2003); E (2) – Lee et al. (1996); H (1) – 
Lee et al. (1996); M (1) – Hyten et al. (2004). Seven QTLs on LGs, C1b (1), G (3), N2 
(1), and O (2) were newly identified in a H x C population. Even though two QTLs on 
LG C2 were different locations in a H x C population, these two QTLs could be the same 
considering consensus map version 4.0. Two allele locations were the very close in 
consensus map version 4.0 while these locations showed big gaps in a H x C population 
due to the parental polymorphism. Three QTLs on LG G (3) might be different locations. 
Because nearest marker Panthee et al. (2005) suggested was Satt570 and this locus was 
different location comparing three protein QTLs identified in a H x C population, three 
QTLs on LG G (3)  in a Harosoy x Clark population might be different locations. In case 
of QTL on LG N2, as the nearest marker is located at the end of LG N in a H x C linkage 
map, information about the putative QTL could be less powerful. Therefore, this QTL 
might be spurious QTL.  
Seed Oil: Among 13 QTLs, four QTLs on LGs, C2 (1) (150.7 cM), D2 (1) (68.8 cM), E 
(1) (72.0 cM), and G (1) (39.8 cM) were at similar locations relative to previously 
reported QTLs: C2 (1) – Hyten et al. (2004); D2 (1) – Hyten et al. (2004); E (1) – Diers 
et al. (1992); G (1) – Panthee et al. (2005). Nine QTLs on LGs, C2 (1), D1a2 (3), G (1), 
I2 (2), and O (2) were newly identified in a H x C population. In case of LG C2 (2), 
based on consensus map version 4.0, one QTL located at 150.7cM seemed to be the same 
as a QTL suggested by Hyten et al. (2004) and the other QTL was considered as different 
QTL.  
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Seed Weight: Among 12 QTLs, four QTLs on LGs, A2 (1) (104.9 cM), C2 (2) (128.6 cM 
and 171.8 cM), and D1a2 (1) (32.3 cM) were at similar locations relative to previously 
reported QTLs: A2 (1) – Orf et al. (1999); C2 (1) – Orf et al. (1999); C2 (1) – Funatsuki 
et al. (2005); D1a2 (1) – Hyten et al. (2004). Eight QTLs on LGs, A1 (2), C2 (2), F2 (1), 
I2 (1), and O (2) were newly identified in a H x C population.  
Maturity Date: Among eleven QTLs, three QTLs on LGs, M (1) (14.0 cM) and O (2) 
(133.0 and 145.9 cM) were at similar locations relative to previously reported QTLs: M 
(1) – Orf et al. (1999); O (1) – Wang et al. (2004); O (1) – Specht et al. (2001). Eight 
QTLs on LGs, A1 (1), B2 (1), D2 (2), E (1), M (1), N (1), and O (1) were newly 
identified in a H x C population.  
Lodging: Among 13 QTLs, five QTLs on LGs, C2 (1) (165.6 cM) and E (2) (88.2 cM 
and 110.2 cM), F2 (1) (66.2 cM), and G (1) (160.0 cM) were at similar locations relative 
to previously reported QTLs: C2 (1) – Mansur et al. (1993); E (2) – Lee et al. (1996); F2 
(1) – Lee et al. (1996); G (1) – Lee et al. (1996). Eight QTLs on LGs, B2 (1), C1b (1), E 
(1), G (1), M (1), and O (3) were newly identified in a H x C population.  
Height: Among 9 QTLs, two QTLs on LGs, C1b (1) (58.4 cM) and O (1) (130.0 cM) 
were at similar locations relative to peviously reported QTLs: C1b (1) – Lee et al. (1996); 
O (1) – Wang et al. (2004). Seven QTLs on LGs, E (1), F (3), I2 (1), and O (2) were 
newly identified in a H x C population.  
Seed Yield: Among 6 QTLs, two QTLs on LG C2 (162.7 cM and 174.8 cM) were at 
similar locations relative to previously reported QTLs: C2 (1) – Mansur et al.(1996); C2 
(1) – Wang et al. (2004). Four QTLs on LGs, A2 (1), C2 (1), and O (2) were newly 
identified in a H x C population. Interestingly, one yield QTL (A2, 50.1cM in CIM or 
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50.0cM in MIM) was located at hilum_I locus (yield higher with the Clark i
i
 allele for 
self-colored hilum pigmentation) and the other QTL (C2, 174.8cM in CIM) was located 
at PubCol_T (yield higher with the Harosoy t allele for gray pubescence). Morrison et al. 
(1994) (1997) reported that pubsescence color influenced seed yield is field tests at three 
locations and years. Average yield and yield stability were investigated. They observed 
that soybean with gray pubescence color had higher or the same yield comparing that 
with tawny pubesence color. However, they also found counter-wise results. The I/i locus 
and the T/t locus govern the restriction and type of pigmentation in the hilum. It is now 
known have the I/I locus could have a pleiotrophic effect on yield.  
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Summary 
       The QTL analysis for seven traits in a Harosoy x Clark population was conducted 
using either a single-QTL model or a multiple-QTL model. The results of SMA and SIM 
were only briefly presented here since such analyses are now considered obsolete 
methods. Instead, CIM and MIM methods were used for a more modern QTL analysis. 
Some of the detected QTLs in H x C population were found to be identified in previous 
literature reports used in Soybase, whereas other H x C QTLs seemed to be newly 
detected.  
       For seed protein, 16 QTLs were detected in both methods with nine being previously 
reported. A total of 13 QTLs were identified in seed oil, with four of those known before. 
For seed weight, 12 QTLs were detected, with four detected before by others. Three of 
the 11 QTLs for maturity date had been discovered by others. Five of the 13 QTLs for 
plant lodging were found in other studies. For plant height, two of the nine QTLs had 
been reported before. Finally, two of the six QTLs for seed yield had been detected in 
other map populations. QTLs on LG O generally showed high R
2
 or additive effect for all 
seven traits.  
       The Q x Y interaction effect was evaluated with two methods, multiple-trait mapping 
and MIM. Some trait QTLs were shown to exhibit Q x Y interaction. In multiple-trait 
mapping based on CIM, the additive effects of QTLs on LGs C2 (two QTLs for seed 
protein), D1a2 (one QTL for seed oil), F2 (one QTL for seed weight), and O (three QTL 
locations for maturity date, plant lodging, plant height, and seed weight) were of the same 
sign in the either irrigated or rainfed trials, so the Q x Y interactions resulted from small 
differences in the magnitude over years. Interestingly, all Q x Y interactions were 
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observed at seed protein, seed oil, maturity date, plant lodging, plant height, and seed 
weight that exhibited high heritabilities. No Q x Y interaction was observed for seed 
yield. QTL alleles on LGs C2, D1a2, and F2 seemed to have a stable additive effect 
across the years. One QTL for seed weight on LG O (have mean position of 133.0 cM) 
exhibited a sign-different additive effect over years, which is indicative of a cross-over 
interaction. Other QTL alleles on LG O seemed to have a useful effect in some years but 
were considered not to be useful in other years.        
       In MIM, QTL alleles on LGs F2 (one QTL for plant height) and O (two QTL 
locations for seed protein, seed oil, seed weight, maturity date, plant height, plant lodging, 
and seed yield) showed significant Q x Y interaction. All Q x Y interaction effects 
detected on LGs F2 and O had different sign in either irrigated or rainfed trials (i.e., Q x 
Y1998 interaction effect has positive sign, whereas Q x Y1999 interaction has negative sign). 
These results indicated that QTL alleles on LG O are not available since QTL additive 
effects would not be predictable in any forthcoming year.  
       The Q x Q interaction effects for seed oil (on LGs C2 and D2), seed weight (on LGs 
F2 and G), maturity date (on LG O), and plant height (on LGs C1b and E) were detected 
in MIM model in the either irrigated or rainfed trials. The Q x Q interaction effects for 
seed oil had the same sign relative to the additive effect sign of QTLs involved in 
interaction. However, the Q x Q interaction effects for seed weight, maturity date, and 
plant height had different sign relative to the additive effect sign of QTLs involved in 
interaction. These results indicated that the Q x Q interaction effect for seed oil will be 
useful for MAS even though the magnitude of this effect is small (0.087 percentage 
points).  
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       More QTLs were detected using MIM, probably because of the precision gained 
when one fits multiple QTL model to the observed phenotype data, which allows 
detection of QTLs with smaller additive effects. The multiple QTL model could reduce 
the residual or error variance thereby allocating more to the genetic variance component. 
In addition, non-additive effects such as Q x Q, Q x Y, and Q x Q x Y were estimable 
using MIM even though there was no Q x Q x Y interaction effect in all traits. Because 
the most Q x Y and Q x Q interaction had real effects, these might be considered in any 
marker-based selection procedure.  
       Even though the multiple QTL model as implemented in MIM was quite useful for 
obtaining more precision in QTL detection, it still remains difficult to implement a more 
convenient method of statistically assessing whether two closely linked markers are 
identifying a single QTL that controls two or more traits (pleiotrophism), or are 
identifying two or more QTLs, with each controlling only one of the two or more traits. 
Finally, it would be useful to have a better statistical means of comparing QTL positions 
and their allelic effects generated in various mapping populations. These problems will 
likely be solved in the future, now that the soybean genome has been sequenced 
(Schmutz et al., 2010). 
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Fig. 3-1. Linear regression of RIL rainfed (0% ET) yield on the same RIL irrigated (100% 
               ET) yield. The black line is a 1:1 ratio diagonal. The green line is the RIL  
               regression line. The red line is the regression line for the checks, which consist of 
               20 elite cultivars of M6, II, III, and IV.  
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Fig. 3-2. Regression of RIL seed oil on RIL seed protein (upper) and on RIL yield (lower)  
                          in the Harosoy x Clark population. 
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 Table 3-17. Composite interval mapping results in a Harosoy x Clark population (continued on the  
                      Page) 
 
     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
  
Nearest Water Additive QTL 99% LOD
Marker Treatment† Effect Position Support Interval
A2 BARC-020591-04686 1998 I Seed Protein -0.34 171.5 4.38 0.090 0.320 158.1 - 183.5
A2 BARC-020591-04686 1999 I Seed Protein -0.29 180.5 3.78 0.055 0.381  166.5 - 183.5
C1b Satt294 1998 I Seed Protein 0.24 46.8 3.76 0.044 0.270 42.8 - 49.0
C2 BARC-055939-13876 1998 I Seed Protein -0.32 150.7 6.04 0.072 0.266  141.4 - 158.3
C2 BARC-055939-13876 1999 I Seed Protein -0.33 150.7 4.56 0.048 0.340  150.4 - 151.7
C2 BARC-055939-13876 1999 R Seed Protein -0.31 151.7 6.19 0.080 0.269 140.4 - 160.9
C2 BARC-010777-00746 1998 R Seed Protein -0.36 191.6 5.47 0.081 0.165  189.2 - 192.6
E BARC-029599-06237 1999 R Seed Protein -0.28 21.2 5.46 0.065 0.263 11.8 - 24.2
E Satt598 1999 I Seed Protein -0.29 71.1 5.31 0.054 0.363 60.9 - 73.1
H Satt293 1998 I Seed Protein 0.25 97.5 3.74 0.049 0.275    93.3 - 105.5
M BARC-044841-08824 1998 I Seed Protein 0.25 50.2 3.89 0.048 0.317  41.0 - 53.9
N2 BARC-046018-10189 1998 I Seed Protein -0.24 63.3 3.44 0.043 0.273  58.0 - 64.3
O SOYLBC 1998 R Seed Protein 0.40 120.0 6.85 0.096 0.249 111.0 - 122.9
O Satt581 1998 R Seed Protein 0.53 132.0 12.39 0.161 0.314  128.1 - 133.7
O Satt581 1999 I Seed Protein 0.53 133.0 14.35 0.165 0.371 131.5 - 136.9
O Satt243 1998 R Seed Protein 0.42 144.7 7.52 0.106 0.259 141.7 - 152.0
C2 BARC-055939-13876 1999 R Seed Oil 0.15 150.7 3.14 0.028 0.446 135.4 - 150.7
C2 Satt202 1998 I Seed Oil 0.17 195.4 4.29 0.062 0.264  190.6 - 205.2
C2 Satt202 1999 I Seed Oil 0.13 195.4 3.53 0.049 0.246  190.5 - 207.2
D1a2 BARC-054071-12319 1998 R Seed Oil -0.17 161.5 4.99 0.067 0.177  154.3 - 162.1
D1a2 Sat_414 1999 I Seed Oil -0.13 163.1 3.56 0.046 0.244  154.7 - 165.1
D1a2 Sat_414 1998 I Seed Oil -0.19 164.1 6.05 0.081 0.263  162.1 - 169.0
D1a2 BARC-039805-07589 1999 R Seed Oil -0.18 174.6 4.46 0.046 0.426 172.9 - 176.9
D2 Satt154 1998 I Seed Oil 0.14 71.8 3.42 0.045 0.256  63.5 - 74.9
E Satt598 1999 I Seed Oil 0.17 72.1 6.07 0.079 0.244  64.2 - 73.2
G BARC-014395-01348 1999 I Seed Oil -0.14 39.8 3.36 0.048 0.247 35.3 - 46.7
I2 Satt148 1998 R Seed Oil -0.14 84.7 3.72 0.049 0.175  84.2 - 89.7
O BARC-015925-02017 1999 R Seed Oil 0.37 135.7 4.87 0.069 0.450 132.2 - 139.3
O Satt243 1999 R Seed Oil 0.32 144.7 5.86 0.072 0.434 144.3 - 152.6
O Matur_E2 1998 I Seed Oil 0.24 146.9 8.28 0.123 0.273  143.5 - 153.5
O Matur_E2 1998 R Seed Oil 0.15 146.9 3.32 0.053 0.185  146.9 - 157.0
A1 Sat_356 1998 I Seed Weight 0.32 80.3 3.92 0.052 0.248  75.1 - 81.3
A2 BARC-054143-12351 1998 I Seed Weight -0.29 104.9 3.23 0.042 0.249 102.6 - 107.7
C2 Satt457 1999 R Seed Weight 0.24 64.6 3.29 0.033 0.375 47.6 - 81.3
C2 PubCol_T 1999 R Seed Weight 0.34 171.8 4.83 0.066 0.359 159.9 - 182.8
C2 Satt433 1998 I Seed Weight 0.39 185.8 4.86 0.074 0.258  173.7 - 190.2
F2 Satt554 1999 R Seed Weight -0.28 74.7 4.00 0.045 0.347  73.6 - 77.0
F2 BARC-061571-17276 1999 I Seed Weight -0.45 76.0 5.00 0.063 0.260  73.7 - 77.2
F2 BARC-061571-17276 1998 I Seed Weight -0.37 77.0 5.24 0.065 0.251  74.1 - 77.2
G BARC-038873-07372 1999 R Seed Weight -0.31 152.6 3.99 0.055 0.397  141.7 - 157.0
G Sat_064 1999 R Seed Weight -0.28 159.0 3.92 0.047 0.389 157.0 - 162.0
I2 BARC-064735-18787 1999 R Seed Weight -0.24 101.8 3.25 0.035 0.344 100.2 - 103.4
M BARC-907715-01049 1998 I Seed Weight -0.40 116.8 3.96 0.077 0.279 104.5 - 127.2
O Satt592 1998 R Seed Weight -0.43 129.9 5.30 0.078 0.145  120.6 - 135.9
O Satt581 1999 I Seed Weight 0.78 133.0 11.97 0.165 0.277  131.4 - 133.7
O BARC-015925-02017 1999 R Seed Weight 0.66 135.7 17.34 0.229 0.379  133.7 - 138.5
LOD R
2
TR
2LG Year Trait
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Table 3-17. Composite interval mapping results in a Harosoy x Clark population 
 
   †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
Nearest Water Additive QTL 99% LOD
Marker Treatment† Effect Position Support Interval
B2 Satt168 1998 I Maturity Date -0.86 62.6 4.11 0.013 0.840 62.4 - 69.6
D2 BARC-049255-10878 1998 R Maturity Date -0.93 139.1 3.59 0.011 0.819 130.3 - 149.3
N1 Satt530 1998 R Maturity Date 1.08 10.8 4.36 0.015 0.811 4.4 - 13.2
O Satt581 1998 I Maturity Date -6.09 133.0 62.49 0.214 0.904 132.0 - 133.1
O Satt581 1999 I Maturity Date -5.16 133.0 29.45 0.169 0.783 132.0 - 133.1
O Satt581 1998 R Maturity Date -6.53 133.0 38.63 0.170 0.849 132.0 - 133.1
O Satt581 1999 R Maturity Date -9.67 133.0 49.40 0.218 0.878  132.0 - 133.1
O Matur_E2 1998 I Maturity Date -3.75 145.9 20.68 0.076 0.859 145.5 - 147.2
O Matur_E2 1999 I Maturity Date -4.03 145.9 15.71 0.111 0.804 145.7 - 147.8
O Matur_E2 1998 R Maturity Date -4.53 145.9 20.38 0.094 0.832  145.7 - 147.6
O Matur_E2 1999 R Maturity Date -5.28 145.9 16.03 0.074 0.834 145.3 - 147.6
F2 BARC-046144-10286 1998 I Height 1.54 73.5 8.56 0.069 0.519  70.7 - 73.7
F2 BARC-061571-17276 1998 R Height 1.55 77.0 12.07 0.109 0.515 75.0 - 77.5
F2 Satt522 1998 R Height 1.82 82.5 12.52 0.151 0.557  77.5 - 89.5
I2 BARC-055173-13105 1999 R Height 1.47 98.0 4.52 0.039 0.534 92.2 - 100.1
O Satt581 1998 I Height -4.22 133.0 42.43 0.468 0.553 131.9 - 133.1
O Satt581 1999 I Height -4.22 133.0 17.71 0.140 0.617 132.0 - 135.6
O Satt581 1998 R Height -2.39 133.0 10.56 0.100 0.521 131.6 - 134.1
O BARC-015925-02017 1999 R Height -3.19 134.7 13.94 0.150 0.576 133.7 - 136.7
O Matur_E2 1998 R Height -2.26 145.9 5.51 0.078 0.538  145.7 - 150.9
O Matur_E2 1999 R Height -1.36 145.9 3.70 0.038 0.542 143.9 - 152.6
C1b Satt294 1998 R Lodging -0.15 46.8 3.50 0.044 0.212  42.8 - 49.0
E BARC-039687-07541 1998 R Lodging 0.15 3.4 3.47 0.044 0.213   0.5 - 13.1
E Satt268 1998 I Lodging 0.20 88.2 7.46 0.097 0.201 87.7 - 89.2
F2 Satt144 1999 I Lodging -0.23 66.2 0.01 0.000 0.102  60.4 - 66.8
G Satt235 1999 I Lodging -0.19 46.7 4.22 0.060 0.140 33.1 - 54.8
G Sat_064 1998 R Lodging 0.17 159.0 3.79 0.057 0.227 145.0 - 162.0
G Sat_064 1998 I Lodging 0.15 160.0 3.73 0.054 0.209 156.8 - 162.0
O Satt592 1999 R Lodging -0.45 128.9 22.65 0.301 0.411  126.3 - 131.0
O Satt592 1999 I Lodging -0.38 129.9 17.67 0.228 0.350 126.2 - 131.0
O BARC-015925-02017 1998 I Lodging -0.21 133.7 8.50 0.099 0.299 131.4 - 137.9
O Matur_E2 1998 I Lodging -0.19 145.9 5.94 0.081 0.281  142.9 - 151.2
O Matur_E2 1999 I Lodging -0.34 145.9 14.21 0.192 0.314 143.6 - 149.2
A2 Hilum_I 1998 I Seed Yield -104.12 50.1 5.15 0.066 0.227 46.4 - 52.0
C2 Satt305 1998 I Seed Yield -85.81 83.0 3.43 0.044 0.230   79.0 - 100.9
C2 BARC-055939-13876 1998 I Seed Yield 123.45 162.7 5.00 0.093 0.267 152.4 - 168.8
C2 PubCol_T 1998 I Seed Yield 120.30 174.8 4.77 0.088 0.263  168.8 - 186.3
M BARC-017117-02201 1998 I Seed Yield 84.85 69.0 3.55 0.044 0.225 66.5 - 85.2
O BARC-015925-02017 1999 I Seed Yield -303.50 133.7 12.26 0.155 0.265  132.2 - 137.4
O BARC-015925-02017 1999 R Seed Yield -113.13 133.7 7.25 0.093 0.217  131.9 - 140.3
O Satt243 1998 R Seed Yield 84.74 144.7 4.59 0.076 0.173 141.7 - 151.8
O Matur_E2 1999 R Seed Yield -114.85 146.9 6.98 0.108 0.231 142.3 - 154.1
TR
2LG Year Trait LOD R
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   Fig. 3-3. LOD score profile and additive effects scans in the multiple-trait results for  
                  QTL x Year interaction in the irrigated trials for the three seed protein QTLs 
                  located on LGs C2 and O. 
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    Fig. 3-4. LOD score profile and additive effects scans in the multiple-trait results for  
                   QTL x Year interaction in the irrigated trials for the two seed oil QTLs 
                   located on LGs C2 and D1a2.  
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     Fig. 3-5. LOD score profile and additive effects scans in the multiple-trait results for 
                   QTL x Year interaction in the rainfed trials for the one seed oil QTL 
                   located on LG D1a2. 
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   Fig. 3-6. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the irrigated trials for the one maturity date QTL 
                  located on LG O. 
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   Fig. 3-7. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the rainfed trials for the one maturity date QTL 
                  located on LG O. 
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   Fig. 3-8. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the irrigated trials for the one plant lodging QTL 
                  located on LG O. 
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   Fig. 3-9. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the irrigated trials for the one plant height QTL 
                  located on LG O. 
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Fig. 3-10. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the rainfed trials for the one plant height QTL 
                  located on LG O. 
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Fig. 3-11. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the irrigated trials for the two seed weight QTLs 
                  located on LGs F2 and O. 
 
 
172 
 
 
Fig. 3-12. LOD score profile and additive effects scans in the multiple-trait results for 
                  QTL x Year interaction in the rainfed trials for the one seed weight QTL 
                  located on LG O. 
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    Table 3-18. Mutiple interval mapping results in a Harosoy x Clark population (continued on the 
                       next page) 
 
     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
 
Nearest Water Additive QTL 99% LOD
Marker Treatment† Effect Position Support Interval
A2 BARC-020591-04686 I Seed Protein -0.31 175.5 0.000000 166.5 - 184.5
C1b BARC-042189-08197 R Seed Protein 0.20 64.6 0.000001 51.6 - 71.1
C2 BARC-062515-17881 R Seed Protein -0.29 150.6 0.000000  150.6 - 150.6
C2 Satt307 I Seed Protein -0.30 150.6 0.000000 150.6 - 152.6
D2 Satt413 R Seed Protein 0.18 145.0 0.000084  136.3 - 151.1
E BARC-029599-06237 I Seed Protein -0.19 21.1 0.000002       3.4 - 24.1
E BARC-029599-06237 R Seed Protein -0.20 21.1 0.000000 15.4 - 24.1
E Satt573 I Seed Protein -0.20 71.0 0.000001    67.1 - 71.0
G BARC-043197-08552 R Seed Protein 0.15 0.4 0.000192 0.0 - 3.8
G BARC-040479-07752 I Seed Protein 0.15 7.4 0.000193 7.4 - 9.7
G Satt235 R Seed Protein 0.15 42.7 0.000231 36.9 - 47.4
H BARC-021693-04179 R Seed Protein 0.09 91.3 0.020558  86.3 - 93.4
M BARC-044841-08824 I Seed Protein 0.20 49.1 0.000001  41.7 - 52.2
N2 BARC-046018-10189 R Seed Protein -0.18 60.3 0.000027   55.4 - 64.3
O Satt581 I Seed Protein 0.44 133.1 0.000000 131.1 - 133.7
O BARC-015925-02017 R Seed Protein 0.18 136.7 0.000032  131.1 - 139.7
C2 BARC-055939-13876 R Seed Oil 0.06 156.6 0.019467 150.6 - 163.6
C2 Satt202 I Seed Oil 0.12 197.3 0.000001 191.5 - 204.3
C2 Satt202 R Seed Oil 0.10 197.3 0.000163  191.5 - 205.3
D1a2 BARC-054071-12319 R Seed Oil -0.16 160.5 0.000000  155.5 - 162.2
D1a2 Sat_414 I Seed Oil -0.16 163.2 0.000000 158.5 - 169.2
D2 Satt154 I Seed Oil 0.12 68.8 0.000003  63.8 - 74.7
E Satt598 I Seed Oil 0.15 72.0 0.000000    66.1 - 73.3
G BARC-043197-08552 R Seed Oil -0.11 0.4 0.000003 0.0 - 4.8
I2 Satt623 R Seed Oil -0.09 76.6 0.000143    66.7 - 89.6
I2 BARC-055173-13105 R Seed Oil -0.10 95.9 0.000119  91.9 - 101.7
O BARC-015925-02017 R Seed Oil 0.08 137.7 0.001291  134.7 - 139.7
O Satt243 R Seed Oil 0.26 145.7 0.000000  143.7 - 145.9
O Matur_E2 I Seed Oil 0.16 147.9 0.000000  143.7 - 153.9
A1 BARC-044557-08720 I Seed Weight 0.31 91.0 0.000002  84.5 - 95.1
C2 Satt277 R Seed Weight 0.20 128.6 0.000060 128.4 - 129.3
C2 Satt433 I Seed Weight 0.32 181.7 0.000025  173.7 - 190.1
D1a2 BARC-050267-09542 R Seed Weight -0.24 32.3 0.000002    29.0 - 35.1
F2 BARC-061571-17276 I Seed Weight -0.36 75.9 0.000000 73.7 - 86.5
F2 Satt522 R Seed Weight -0.29 83.5 0.000003    73.7 - 91.5
I2 BARC-064735-18787 R Seed Weight -0.25 100.7 0.000001 98.8 - 103.5
O Satt581 R Seed Weight 0.12 132.1 0.022795  131.1 - 135.7
O Satt581 I Seed Weight 0.33 133.1 0.000000  131.1 - 135.7
P-valueLG Trait
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   Table 3-18. Multiple interval mapping results in a Harosoy x Clark population 
 
     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
 
 
 
 
 
Nearest Water Additive QTL 99% LOD
Marker Treatment† Effect Position Support Interval
A1 BARC-019475-03618 R Maturity Date 0.68 12.8 0.001164 1.0 - 21.8
D2 BARC-025927-05161 R Maturity Date -0.82 126.6 0.000003  119.7 - 129.6
D2 BARC-049255-10878 I Maturity Date -0.41 139.3 0.005431 135.3 - 143.0
E BARC-060905-16966 I Maturity Date -0.47 75.6 0.001026  74.3 - 77.6
M Sat_316 I Maturity Date 0.50 14.0 0.001099 6.0 - 19.0
M BARC-007320-00155 R Maturity Date 0.60 127.1 0.000639 126.0 - 133.1
N1 Satt530 R Maturity Date 0.91 9.8 0.000001   4.5 - 13.7
O Satt592 I Maturity Date -3.49 127.0 0.000000 125.0 - 130.0
O Satt592 R Maturity Date -4.99 129.0 0.000000   126.0 - 131.0
O Matur_E2 I Maturity Date -4.32 145.9 0.000000 144.7 - 150.9
O Matur_E2 R Maturity Date -5.46 146.9 0.000000 144.7 - 150.9
C1b BARC-044523-08716 I Height 0.73 58.4 0.000063 53.6 - 73.1
E BARC-060905-16966 I Height -0.73 75.6 0.000024  74.3 - 77.6
F2 BARC-046144-10286 I Height 0.92 73.4 0.000000  71.3 - 73.7
F2 Satt522 R Height 1.21 82.5 0.000000   74.9 - 87.5
O Satt592 I Height -1.92 130.0 0.000000  127.0 - 131.1
O BARC-015925-02017 I Height -3.01 133.7 0.000000  133.1 - 135.7
O BARC-015925-02017  R Height -3.28 133.7 0.000000 133.1 - 135.7
B2 Satt168 R Lodging 0.14 66.7 0.000011 60.7 - 76.3
C2 BARC-055939-13876 I Lodging -0.13 165.6 0.000001 157.6 - 180.7
E Satt268 I Lodging 0.12 88.2 0.000000 88.2 - 89.5
E Satt369 R Lodging 0.16 110.2 0.000000 107.9 - 113.7
G Satt235 I Lodging -0.15 44.7 0.000000 34.9 - 54.0
G Satt324 R Lodging -0.12 49.0 0.000037 42.7 - 55.0
G Sat_064 I Lodging 0.13 159.1 0.000001 153.6 - 163.0
G Sat_064 R Lodging 0.13 158.1 0.000019  152.6 - 162.1
M BARC-907715-01049 R Lodging 0.11 107.7 0.001134    98.6 - 116.7
O Satt592 I Lodging -0.29 130.0 0.000000  127.0 - 131.1
A2 Hilum_I R Seed Yield -60.60 48.0 0.000005 45.5 - 52.3
A2 Hilum_I I Seed Yield -99.59 50.0 0.000009 37.9 - 51.8
O BARC-015925-02017 I Seed Yield -154.34 134.7 0.000000  132.1 - 137.7
O Matur_E2 R Seed Yield -22.25 145.9 0.094621  143.7 - 149.9
LG Trait P-value
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Fig. 3-13. Multiple interval mapping (MIM) results with respect to seed protein QTLs on  
                  the indicated LGs in the irrigated trials.  
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Fig. 3-14. Multiple interval mapping (MIM) results with respect to seed protein QTLs on  
                  the indicated LGs in the rainfed trials.  
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  Fig. 3-15. Multiple interval mapping (MIM) results with respect to seed oil QTLs on  
                   the indicated LGs in the irrigated trials.  
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    Fig. 3-16. Multiple interval mapping (MIM) results with respect to seed oil QTLs on  
                     the indicated LGs in the rainfed trials.  
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  Fig. 3-17. Multiple interval mapping (MIM) results with respect to seed weight QTLs on  
                   the indicated LGs in the irrigated trials.  
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   Fig. 3-18. Multiple interval mapping (MIM) results with respect to seed weight QTLs on  
                    the indicated LGs in the rainfed trials.  
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   Fig. 3-19. Multiple interval mapping (MIM) results with respect to maturity date QTLs on  
                    the indicated LGs in the irrigated trials.  
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   Fig. 3-20. Multiple interval mapping (MIM) results with respect to maturity date QTLs on  
                    the indicated LGs in the rainfed trials.  
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    Fig. 3-21. Multiple interval mapping (MIM) results with respect to plant lodging QTLs  
                      on the indicated LGs in the irrigated trials.  
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   Fig. 3-22. Multiple interval mapping (MIM) results with respect to plant lodging QTLs  
                     on the indicated LGs in the rainfed trials.  
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    Fig. 3-23. Multiple interval mapping (MIM) results with respect to plant height QTLs  
                     on the indicated LGs in the irrigated trials.  
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   Fig. 3-24. Multiple interval mapping (MIM) results with respect to plant height QTLs  
                    on the indicated LGs in the rainfed trials.  
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  Fig. 3-25. Multiple interval mapping (MIM) results with respect to seed yield QTLs  
                   on the indicated LGs in the irrigated trials.  
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  Fig. 3-26. Multiple interval mapping (MIM) results with respect to seed yield QTLs  
                   on the indicated LGs in the rainfed trials.  
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Table 3-19. Comparison between H x C QTLs and previously reported QTLs (continued on the  
                    next page) 
 
  
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
A1 7.7 GmConsensusV4.0 BARC-019475-03618 Maturity Date Harosoy 0.68 0.001164 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
A1 42.0 GmComposite2003 R183_1 Maturity Date - - - - Minsoy x Noir 1 F9:10 RIL Lark et al., (1994)
A1 44.4 GmComposite2003 R183_1 Seed Oil Noir 1 - 0.001800 0.144 Minsoy x Noir 1 F9:10 RIL Lark et al., (1994)
A1 42.0 GmComposite2003 A262_1 Cyst Nematode Resistance PI 438489B - 2.78 0.074 Hamilton x PI 438489B F2:3 Yue et al., (2001)
A1 28.0 GmComposite2003 Satt449 Seed Weight Archer - 3.20 0.060 Archer x Noir 1 RIL Orf et al., (1999)
A1 41.6 GmConsensusV4.0 Sat_356 Seed Weight Harosoy 0.32 3.92 0.052 Harosoy x Clark F2:6 RIL Irrigation, 1998
A1 44.0 GmConsensusV4.0 BARC-044557-08720 Seed Weight Harosoy 0.32 0.000002 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
A2 109.0 GmComposite2003 Satt508 Seed Weight Minsoy - 4.30 0.080 Minsoy x Noir 1 RIL Orf et al., (1999)
A2 88.2 GmConsensusV4.0 BARC-054143-12351  Seed Weight Clark 0.29 3.23 0.042 Harosoy x Clark F2:6 RIL Irrigation, 1998
A2 48.8 GmComposite2003 Hilum_I Cyst Nematode Resistance - - 5.80 0.090 BSR101 x PI 437654 F6:7 RIL Webb et al., (1995)
A2 48.8 GmComposite2003 Hilum_I Seed Coat Hardness PI 468916 - 0.000100 0.320 PI 468916 x A81356022 F2.4 Kiem et al., (1990)
A2 48.8 GmComposite2003 Hilum_I Seed Protein Moshidou Gong 503 0.54 2.59 0.049 Misuzudaizu  x Moshidou Gong 503 F7:8 RIL Tajuddin et al., (2003)
A2 48.8 GmComposite2003 Hilum_I Seed Yield Clark 104.12 5.15 0.066 Harosoy x Clark F2:6 RIL Irrigation, 1998
A2 48.8 GmComposite2003 Hilum_I Seed Yield Clark 99.59 0.000009 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
A2 48.8 GmComposite2003 Hilum_I Seed Yield Clark 60.60 0.000005 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
A2 145.6 GmComposite2003 Satt409 Seed Protein LG82-8379 - 3.60 0.060 BSR 101 x LG82-8379 F5:6 RIL Kabelka et al., (2004)
A2 150.0 GmComposite2003 Ti Seed Protein - - 0.050000 0.021 M91-212006 x SZG9652 F2:3 Vollmann et al., (2002)
A2 128.8 GmConsensusV4.0 BARC-020591-04686 Seed Protein Clark 0.34 4.38 0.090 Harosoy x Clark F2:6 RIL Irrigation, 1998
A2 128.8 GmConsensusV4.0 BARC-020591-04686 Seed Protein Clark 0.29 3.78 0.055 Harosoy x Clark F2:6 RIL Irrigation, 1999
A2 128.8 GmConsensusV4.0 BARC-020591-04686 Seed Protein Clark 0.31 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
B2 55.0 GmComposite2003 Satt168 Seed Protein LG82-8379 - 0.000900 0.010 BSR 101 x LG82-8379 F5:6 RIL Kabelka et al., (2004)
B2 55.0 GmComposite2003 Satt168 Seed Yield LG82-8379 - 6.70 0.160 BSR 101 x LG82-8379 F5:6 RIL Kabelka et al., (2004)
B2 55.0 GmComposite2003 cr395_1 Seed Weight - - 0.030000 0.060 PI 97100 x Coker237 F2 Mian et al., (1996)
B2 46.9 GmConsensusV4.0 Satt168 Maturity Date Clark 0.86 4.11 0.013 Harosoy x Clark F2:6 RIL Irrigation, 1998
B2 46.9 GmConsensusV4.0 Satt168 Lodging Harosoy 0.14 0.000110 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
C1 78.7 GmComposite2003 Satt294 Seed Yield Forrest - 0.005600 0.095 Essex x Forrest F5:10 RIL Yuan et al., (2002)
C1 65.1 GmComposite2003 Satt578 Seed Protein Minsoy - 6.40 0.120 Archer x Minsoy RIL Orf et al., (1999)
C1 65.1 GmComposite2003 Satt578 Maturity Date Archer - 3.20 0.060 Archer x Minsoy RIL Orf et al., (1999)
C1 51.9 GmConsensusV4.0 Satt294 Seed Protein Harosoy 0.24 3.76 0.044 Harosoy x Clark F2:6 RIL Irrigation, 1998
C1 51.9 GmConsensusV4.0 Satt294 Lodging Clark 0.15 3.50 0.044 Harosoy x Clark F2:6 RIL Rainfed, 1998
C1 91.0 GmComposite2003 A063_1 Height - - 0.001 0.1 PI 416937 x Young F2:4 Lee et al., (1996)
C1 63.9 GmConsensusV4.0 BARC-044523-08716 Height Harosoy 0.73 0.000063 0.024 Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
C1 91.0 GmComposite2003 A063_1 Seed Protein Not stated - 0.000400 0.169 A87-296011 x CX1039-99 F2:5 RIL Brummer et al., (1997)
C1 91.0 GmComposite2003 A063_1 Seed Protein Not stated - 0.009000 0.120 M84-492 x Sturdy F2:5 RIL Brummer et al., (1997)
C1 91.0 GmComposite2003 A063_1 Seed Oil Coker 237 0.15 0.050000 0.132 PI 97100 x Coker 237 F2 Lee et al., (1996)
C1 91.0 GmComposite2003 A063_1 Maturity Date - - 0.001000 0.103 PI 416937 x Young F2:4 Lee et al., (1996)
C1 68.9 GmConsensusV4.0 BARC-042189-08197 Seed Protein Harosoy 0.20 0.000001 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
Parental MatingLG Dist  Reference Map Trait Favorable Allele R
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 Table 3-19. Comparison between H x C QTLs and previously reported QTLs (continued on the  
                     next page) 
 
 
 
 
 
 
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
C2 108.0 GmComposite2003 Satt277 Seed Weight Noir 1 - 3.70 0.070 Archer x Noir 1 RIL Orf et al., (1999)
C2 98.3 GmConsensusV4.0 Satt277 Seed Weight Harosoy 0.20 0.000060 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
C2 117.0 GmComposite2003 A397_1 Lodging - - - - Minsoy x Noir 1 F7:10 RIL Mansur et al., (1993)
C2 117.9 GmComposite2003 Satt079 Seed Yield - - - 0.066 Minsoy x Noir 1 F7:10 RIL Mansur et al., (1996)
C2 117.8 GmComposite2003 Satt460 Seed Oil - - - - Essex x Williams F6:8 RIL Hyten et al., (2004)
C2 122.0 GmComposite2003 Sct_028 Seed Protein Proto 0.40 0.006900 0.066 Ma. Belle x Proto F2 Csanádi et al., (2001)
C2 120.0 GmComposite2003 K365_1 Maturity Date - na 0.001000 0.210 A81-356022 x PI 468916 F2:3 Kiem et al., (1990)
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Protein Clark 0.32 6.04 0.072 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Protein Clark 0.33 4.56 0.048 Harosoy x Clark F2:6 RIL Irrigation, 1999
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Protein Clark 0.31 6.19 0.080 Harosoy x Clark F2:6 RIL Rainfed, 1999
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Oil Harosoy 0.15 3.14 0.028 Harosoy x Clark F2:6 RIL Rainfed, 1999
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Yield Harosoy 123.45 5.00 0.093 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 108.6 GmConsensusV4.0 BARC-062515-17881 Seed Protein Clark 0.29 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
C2 110.0 GmConsensusV4.0 Satt307 Seed Protein Clark 0.30 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Seed Oil Harosoy 0.06 0.019476 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
C2 110.2 GmConsensusV4.0 BARC-055939-13876 Lodging Clark 0.13 0.000001 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
C2 117.8 GmComposite2003 Satt460 Seed Oil - - - - Essex x Williams F6:8 RIL Hyten et al., (2004)
C2 124.0 GmComposite2003 K474_2 Maturity Date - - 0.002000 0.210 A81-356022 x PI 468916 F2:3 Kiem et al., (1990)
C2 122.0 GmComposite2003 Sct_028 Seed Protein Proto 0.40 0.006900 0.066 Ma. Belle x Proto F2 Csanádi et al., (2001)
C2 113.1 GmConsensusV4.0 BARC-010777-00746 Seed Protein Clark 0.36 5.47 0.081 Harosoy x Clark F2:6 RIL Rainfed, 1998
C2 114.2 GmConsensusV4.0 Satt202 Seed Oil Harosoy 0.17 4.29 0.062 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 114.2 GmConsensusV4.0 Satt202 Seed Oil Harosoy 0.13 3.53 0.049 Harosoy x Clark F2:6 RIL Irrigation, 1999
C2 114.2 GmConsensusV4.0 Satt202 Seed Oil Harosoy 0.12 0.000001 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
C2 114.2 GmConsensusV4.0 Satt202 Seed Oil Harosoy 0.10 0.000163 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
C2 70.0 GmComposite2003 Satt305 Root Necrosis Resistance Forrest na 2.70 0.272 Essex x Forrest F2:6 RIL Kassem et al., (2004)
C2 64.9 GmConsensusV4.0 Satt305 Seed Yield Clark 85.81 3.43 0.044 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 52.5 GmConsensusV4.0 Satt457 Seed Weight Harosoy 0.24 3.29 0.033 Harosoy x Clark F2:6 RIL Rainfed, 1999
C2 112.8 GmComposite2003 Satt134 Height IA2008 5.40 20.30 0.780 IA2008 x PI 468916 BC2F4 Wang et al., (2004)
C2 112.0 GmComposite2003 Satt365 Lodging Minsoy 0.12 6.53 0.057 Minsoy x Noir 1 F7:11 RIL Specht et al., (2001)
C2 113.0 GmComposite2003 Satt277 / Satt460 Seed Oil Not stated na na na Essex x Willams F6:8 RIL Hyten et al., (2004)
C2 113.0 GmComposite2003 Satt489 Height Minsoy na 8.70 0.150 Minsoy x Noir 1 RIL Orf et al., (1999)
C2 113.0 GmComposite2003 Satt489 Maturity Date Minsoy na 13.00 0.230 Minsoy x Noir 1 RIL Orf et al., (1999)
C2 109.0 GmComposite2003 T / Satt229 Seed Number - - 5.10 - Toyomusume x Hayahikari F6 Funatsuki et al., (2005)
C2 113.0 GmComposite2003 T Seed Weight - - 13.50 - Toyomusume x Hayahikari F6 Funatsuki et al., (2005)
C2 112.5 GmComposite2003 Satt134 Seed Yield IA2008 124.20 6.90 0.400 IA2008 x PI 468916 BC2F4 Wang et al., (2004)
C2 112.5 GmComposite2003 PubCol_T Seed Yield Harosoy 120.30 4.77 0.088 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 112.5 GmComposite2003 Satt433 Seed Weight Harosoy 0.39 4.86 0.074 Harosoy x Clark F2:6 RIL Irrigation, 1998
C2 112.5 GmComposite2003 PubCol_T Seed Weight Harosoy 0.34 4.83 0.066 Harosoy x Clark F2:6 RIL Rainfed, 1999
C2 112.5 GmComposite2003 Satt433 Seed Weight Harosoy 0.32 0.000025 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
LG Dist  Reference Map Trait Favorable Allele R
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 Table 3-19. Comparison between H x C QTLs and previously reported QTLs (continued on the  
                     next page) 
 
 
 
 
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
D1a 56.2 GmComposite2003 Satt179 Seed Weight Williams 5.50 4.00 0.139 Essex x Willams F6:8 RIL Hyten et al., (2004)
D1a 41.7 GmConsensusV4.0 BARC-050267-09542 Seed Weight Clark 0.24 0.000002 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
D1a 65.0 GmComposite2003 Satt071 / Satt179 Seed Weight Williams 5.50 4.00 0.139 Essex x Willams F6:8 RIL Hyten et al., (2004)
D1a 70.0 GmComposite2003 Satt468 Seed Oil Noir 1 0.31 4.66 0.091 Minsoy x Noir 1 F7:11 RIL Specht et al., (2001)
D1a 64.7 GmConsensusV4.0 BARC-054071-12319 Seed Oil Clark 0.17 4.99 0.067 Harosoy x Clark F2:6 RIL Rainfed, 1998
D1a 64.7 GmConsensusV4.0 BARC-054071-12319 Seed Oil Clark 0.16 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
D1a 76.5 GmConsensusV4.0 Sat_414 Seed Oil Clark 0.19 6.05 0.081 Harosoy x Clark F2:6 RIL Irrigation, 1998
D1a 76.5 GmConsensusV4.0 Sat_414 Seed Oil Clark 0.13 3.56 0.046 Harosoy x Clark F2:6 RIL Irrigation, 1999
D1a 76.5 GmConsensusV4.0 Sat_414 Seed Oil Clark 0.16 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
D1a 83.8 GmConsensusV4.0 BARC-039805-07589 Seed Oil Clark 0.18 4.46 0.046 Harosoy x Clark F2:6 RIL Rainfed, 1999
D2 57.0 GmComposite2003 Satt154 Sclerotinia stem rot William82 - 0.05 - Dassel x Williams82 F5:6 RIL Arahana et al., (2001)
D2 57.0 GmComposite2003 Satt154 Seed Weight A96-492058 - 0.000100 0.179 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
D2 58.0 GmComposite2003 Sat_092 Leaf Chlorosis - - 2.20 0.111 Essex x Forrest F2:5 RIL Kassem et al., (2004)
D2 57.0 GmComposite2003 Satt154 Seed Oil - - - - Essex x Williams F6:8 RIL Hyten et al., (2004)
D2 46.8 GmConsensusV4.0 Satt154 Seed Oil Harosoy 0.14 3.42 0.045 Harosoy x Clark F2:6 RIL Irrigation, 1998
D2 46.8 GmConsensusV4.0 Satt154 Seed Oil Harosoy 0.12 0.000003 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
D2 105.0 GmComposite2003 Satt186 Seed Yield LG82-8379 - 3.200000 0.210 BSR 101 x LG82-8379 F5 Kabelka et al., (2004)
D2 107.0 GmComposite2003 Satt310 Seed Protein Moshidou Gong 503 0.66 3.24 0.740 Misuzudaizu x Moshidou Gong 503 F7:8 RIL Tajuddin et al., (2003)
D2 96.0 GmConsensusV4.0 BARC-049255-10878 Maturity Date Clark 0.93 3.59 0.011 Harosoy x Clark F2:6 RIL Rainfed, 1998
D2 101.0 GmConsensusV4.0 Satt413 Seed Protein Harosoy 0.18 0.000084 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
D2 96.0 GmConsensusV4.0 BARC-049255-10878 Maturity Date Clark 0.41 0.005431 0.017 Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
D2 87.8 GmConsensusV4.0 BARC-025927-05161 Maturity Date Clark 0.82 0.000003 0.040 Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
E 31.0 GmComposite2003 A454_1 Seed Protein PI 97100 0.35 > 2.50 0.088 PI 97100 x Coker237 F2 Lee et al., (1996)
E 35.0 GmComposite2003 A203_1 Seed Oil A81-356022 0.50 0.006000 0.180 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 33.0 GmComposite2003 Satt567 Seed Yield IA2008 64.60 9.30 - IA2008 x PI 468916 BC2F4 Wang et al., (2004)
E 69.7 GmConsensusV4.0 Satt598 Seed Protein Clark 0.29 5.31 0.054 Harosoy x Clark F2:6 RIL Irrigation, 1999
E 69.7 GmConsensusV4.0 Satt598 Seed Oil Harosoy 0.17 6.07 0.079 Harosoy x Clark F2:6 RIL Irrigation, 1999
E 68.9 GmConsensusV4.0 Satt573 Seed Protein Clark 0.20 0.000001 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 69.7 GmConsensusV4.0 Satt598 Seed Oil Harosoy 0.15 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 71.4 GmConsensusV4.0 BARC-060905-16966 Maturity Date Clark 0.47 0.001026 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 71.4 GmConsensusV4.0 BARC-060905-16966 Height Clark 0.73 0.000024 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 32.3 GmComposite2003 Satt212 Leaflet Shape - - 0.007000 0.062 Keunolkong x Shinpaldalkong F2:10 RIL Kim et al., (2005)
E 31.0 GmComposite2003 A454_1 Seed Protein PI 97100 0.35 > 2.50 0.088 PI 97100 x Coker237 F2 Lee et al., (1996)
E 28.3 GmConsensusV4.0 BARC-029599-06237 Seed Protein Clark 0.28 5.46 0.065 Harosoy x Clark F2:6 RIL Rainfed, 1999
E 28.3 GmConsensusV4.0 BARC-029599-06237 Seed Protein Clark 0.19 0.000002 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 28.3 GmConsensusV4.0 BARC-029599-06237 Seed Protein Clark 0.20 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
E 46.0 GmComposite2003 BLT049_5 Lodging - - 0.041000 0.038 PI 416937 x Young F2:4 Lee et al., (1996)
E 78.5 GmConsensusV4.0 Satt268 Lodging Harosoy 0.20 7.46 0.097 Harosoy x Clark F2:6 RIL Irrigation, 1998
E 78.5 GmConsensusV4.0 Satt268 Lodging Harosoy 0.12 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
E 29.0 GmComposite2003 cr168_1 Lodging - - 0.048000 0.086 PI 416937 x Young F2:4 Lee et al., (1996)
E 18.7 GmConsensusV4.0 BARC-039687-07541 Lodging Harosoy 0.15 3.47 0.044 Harosoy x Clark F2:6 RIL Rainfed, 1998
E 53.0 GmComposite2003 A597_1 Lodging - - 0.019000 0.054 PI 416937 x Young F2:4 Lee et al., (1996)
E 85.2 GmConsensusV4.0 Satt369 Lodging Harosoy 0.16 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
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Table 3-19. Comparison between H x C QTLs and previously reported QTLs (continued on the  
                    next page) 
 
 
 
 
 
 
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
F 75.0 GmComposite2003 cr321_2 Seed Weight Jinpumkong - 0.005000 0.130 Pureunkong x Jinpumkong 2 F2:4 /F2:5 Lee et al., (2001)
F 106.0 GmComposite2003 K104_2 Lodging - - 0.044000 0.042 PI 416937 x Young F2:4 Lee et al., (1996)
F 98.0 GmComposite2003 Satt490 Height - - 4.40 0.080 BSR 101 x LG82-8379 F2:5 Kabelka et al., (2004)
F 78.9 GmConsensusV4.0 Satt144 Lodging Clark 0.23 0.01 0.000 Harosoy x Clark F2:6 RIL Irrigation, 1999
F 85.2 GmConsensusV4.0 BARC-046144-10286 Height Harosoy 1.54 8.56 0.069 Harosoy x Clark F2:6 RIL Irrigation, 1998
F 91.6 GmConsensusV4.0 BARC-061571-17276 Height Harosoy 1.55 12.07 0.109 Harosoy x Clark F2:6 RIL Rainfed, 1998
F 93.7 GmConsensusV4.0 Satt522 Height Harosoy 1.82 12.52 0.151 Harosoy x Clark F2:6 RIL Rainfed, 1998
F 91.6 GmConsensusV4.0 BARC-061571-17276 Seed Weight Clark 0.37 5.24 0.065 Harosoy x Clark F2:6 RIL Irrigation, 1998
F 91.6 GmConsensusV4.0 BARC-061571-17276 Seed Weight Clark 0.45 5.00 0.063 Harosoy x Clark F2:6 RIL Irrigation, 1999
F 87.8 GmConsensusV4.0 Satt554 Seed Weight Clark 0.28 4.00 0.045 Harosoy x Clark F2:6 RIL Rainfed, 1999
F 85.2 GmConsensusV4.0 BARC-046144-10286 Height Harosoy 0.92 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
F 93.7 GmConsensusV4.0 Satt522 Height Harosoy 1.21 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
F 91.6 GmConsensusV4.0 BARC-061571-17276 Seed Weight Clark 0.36 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
F 93.7 GmConsensusV4.0 Satt522 Seed Weight Clark 0.29 0.000003 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
G 0.0 GmRFLP-GA1996a A235_4 Seed Oil - - 0.050000 0.147 PI97100 x Coker237 F2 Lee et al., (1996)
G 12.7 GmComposite2003 Satt570 Seed Protein 0.31 3.50 0.202 N87-984-16 x TN93-99 F2:6 RIL Panthee et al., (2005)
G 9.4 GmConsensusV4.0 BARC-040479-07752 Seed Protein Harosoy 0.15 0.000193 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
G 0.9 GmConsensusV4.0 BARC-043197-08552 Seed Protein Harosoy 0.15 0.000192 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
G 0.9 GmConsensusV4.0 BARC-043197-08552 Seed Oil Clark 0.11 0.000003 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
G 13.0 GmComposite2003 Satt570 Seed Protein N87-984-16 0.31 3.50 0.202 N87-984-16 x TN93-99 F2:6 RIL Panthee et al., (2005)
G 19.5 GmConsensusV4.0 BARC-014395-01348 Seed Oil Clark 0.14 3.36 0.048 Harosoy x Clark F2:6 RIL Irrigation, 1999
G 24.9 GmConsensusV4.0 Satt235 Lodging Clark 0.19 4.22 0.060 Harosoy x Clark F2:6 RIL Irrigation, 1999
G 24.9 GmConsensusV4.0 Satt235 Lodging Clark 0.15 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
G 35.4 GmConsensusV4.0 Satt324 Lodging Clark 0.12 0.000037 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
G 24.9 GmConsensusV4.0 Satt235 Seed Protein Harosoy 0.15 0.000231 Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
G 97.0 GmComposite2003 A235_1 Seed Weight - - 0.004000 0.100 PI 97100 x Coker237 F2 Mian et al., (1996)
G 110.0 GmComposite2003 A387_1 Lodging - - 0.016000 0.055 PI 416937 x Young F2:4 Lee et al., (1996)
G 101.8 GmConsensusV4.0 Sat_064 Lodging Harosoy 0.15 3.73 0.054 Harosoy x Clark F2:6 RIL Irrigation, 1998
G 101.8 GmConsensusV4.0 Sat_064 Lodging Harosoy 0.17 3.79 0.057 Harosoy x Clark F2:6 RIL Rainfed, 1998
G 87.3 GmConsensusV4.0 BARC-038873-07372 Seed Weight Clark 0.31 3.99 0.055 Harosoy x Clark F2:6 RIL Rainfed, 1999
G 101.8 GmConsensusV4.0 Sat_064 Seed Weight Clark 0.28 3.92 0.047 Harosoy x Clark F2:6 RIL Rainfed, 1999
G 101.8 GmConsensusV4.0 Sat_064 Lodging Harosoy 0.13 0.000001 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
G 101.8 GmConsensusV4.0 Sat_064 Lodging Harosoy 0.13 0.000019 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
H 87.0 GmComposite2003 A566_2 Seed Protein PI 97100 - 0.050000 0.135 PI 97100 x Coker 237 F2 Lee et al., (1996)
H 83.0 GmConsensusV4.0 Satt293 Seed Protein Harosoy 0.25 3.74 0.049 Harosoy x Clark F2:6 RIL Irrigation, 1998
H 79.7 GmConsensusV4.0 BARC-021693-04179 Seed Protein Harosoy 0.09 0.020558 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
I 119.0 GmComposite2003 L062_2 Seed Oil Noir 1 0.21 2.58 0.048 Minsoy x Noir 1 F7:11 RIL Specht et al., (2001)
I 91.8 GmConsensusV4.0 Satt148 Seed Oil Clark 0.14 3.72 0.049 Harosoy x Clark F2:6 RIL Rainfed, 1998
I 84.6 GmConsensusV4.0 Satt623 Seed Oil Clark 0.09 0.000143 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
I 113.0 GmComposite2003 Satt440 Height Essex - - - Essex x Forrest F5:10 RIL Yuan et al., (2002)
I 97.4 GmConsensusV4.0 BARC-055173-13105 Height Harosoy 1.47 4.52 0.039 Harosoy x Clark F2:6 RIL Rainfed, 1999
I 106.9 GmConsensusV4.0 BARC-064735-18787 Seed Weight Clark 0.24 3.25 0.035 Harosoy x Clark F2:6 RIL Rainfed, 1999
I 97.4 GmConsensusV4.0 BARC-055173-13105 Seed Oil Clark 0.10 0.000119 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
I 106.9 GmConsensusV4.0 BARC-064735-18787 Seed Weight Clark 0.25 0.000001 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
LG Dist  Reference Map Trait Favorable Allele R
2 Parental Mating
193 
 
 Table 3-19. Comparison between H x C QTLs and previously reported QTLs (continued on the  
                     next page) 
 
 
 
 
 
 
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
M 18.6 GmComposite2003 Satt150 Maturity Date - - 19.00 0.310 Minsoy x Archer RIL Orf et al., (1999)
M 18.7 GmConsensusV4.0 Sat_316 Maturity Date Harosoy 0.50 0.001099 - Harosoy x Clark F2:6 RIL Irrigated, 1998 - 1999
M 43.0 GmComposite2003 Satt463 Seed Protein Essex - 4.30 0.240 Essex x Williams F6:8 RIL Hyten et al., (2004)
M 45.1 GmConsensusV4.0 BARC-044841-08824 Seed Protein Harosoy 0.25 3.89 0.048 Harosoy x Clark F2:6 RIL Irrigation, 1998
M 45.1 GmConsensusV4.0 BARC-044841-08824 Seed Protein Harosoy 0.20 0.000001 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
M 65.9 GmConsensusV4.0 BARC-017117-02201 Seed Yield Clark 84.85 3.55 0.044 Harosoy x Clark F2:6 RIL Irrigation, 1998
M 80.0 GmComposite2003 Satt306 Seed Weight - - 0.01 0.068 Proto x Ma.Belle F2
M 73.4 GmConsensusV4.0 BARC-907715-01049 Seed Weight Clark 0.40 3.96 0.077 Harosoy x Clark F2:6 RIL Irrigation, 1998
M 89.8 GmConsensusV4.0 BARC-007320-00155 Maturity Date Harosoy 0.60 0.000639 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
M 73.4 GmConsensusV4.0 BARC-907715-01049 Lodging Harosoy 0.11 0.001134 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
N 25.9 GmConsensusV4.0 Satt530 Maturity Date Harosoy 1.08 4.36 0.015 Harosoy x Clark F2:6 RIL Rainfed, 1998
N 25.9 GmConsensusV4.0 Satt530 Maturity Date Harosoy 0.91 0.000001 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
N 95.8 GmConsensusV4.0 BARC-046018-10189 Seed Protein Clark 0.24 3.44 0.043 Harosoy x Clark F2:6 RIL Irrigation, 1998
N 95.8 GmConsensusV4.0 BARC-046018-10189 Seed Protein Clark 0.18 0.000027 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 106.2 GmComposite2003 Satt581 Maturity Date - 7.80 22.70 0.920 IA2008 x PI 468916 BC2F4 Wang et al., (2004)
O 100.0 GmComposite2003 Satt592 Height - 3.40 16.80 0.730 IA2008 x PI 468916 BC2F4 Wang et al., (2004)
O 95.6 GmConsensusV4.0 Satt581 Seed Protein Harosoy 0.53 14.35 0.165 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 95.6 GmConsensusV4.0 Satt581 Seed Protein Harosoy 0.53 12.39 0.161 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Oil Harosoy 0.37 4.87 0.069 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Yield Clark 303.50 12.26 0.155 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Yield Clark 113.13 7.25 0.093 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 95.6 GmConsensusV4.0 Satt581 Maturity Date Clark 6.09 62.49 0.214 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 95.6 GmConsensusV4.0 Satt581 Maturity Date Clark 5.16 29.45 0.169 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 95.6 GmConsensusV4.0 Satt581 Maturity Date Clark 6.53 38.63 0.170 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 95.6 GmConsensusV4.0 Satt581 Maturity Date Clark 9.67 49.40 0.218 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Lodging Clark 0.21 8.50 0.099 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 95.6 GmConsensusV4.0 Satt581 Height Clark 4.22 42.43 0.468 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 95.6 GmConsensusV4.0 Satt581 Height Clark 4.22 17.71 0.140 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 95.6 GmConsensusV4.0 Satt581 Height Clark 2.39 10.56 0.100 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 99.6 GmConsensusV4.0 BARC-015925-02017 Height Clark 3.19 13.94 0.150 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 95.6 GmConsensusV4.0 Satt581 Seed Weight Harosoy 0.78 11.97 0.165 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Weight Harosoy 0.66 17.34 0.229 Harosoy x Clark F2:6 RIL Rainfed, 1999
O - GmConsensusV4.0 SOYLBC Seed Protein Harosoy 0.40 6.85 0.096 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 91.4 GmConsensusV4.0 Satt592 Lodging Clark 0.38 17.67 0.228 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 91.4 GmConsensusV4.0 Satt592 Lodging Clark 0.45 22.65 0.301 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 91.4 GmConsensusV4.0 Satt592 Seed Weight Clark 0.43 5.30 0.078 Harosoy x Clark F2:6 RIL Rainfed, 1998
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  Table 3-19. Comparison between H x C QTLs and previously reported QTLs 
 
 
 
 
 
 
 
        
 
 
 
Nearest Additive LOD / Population Literature Reference / 
Marker Effect P-value Type Irrigation & Year
O 95.6 GmConsensusV4.0 Satt581 Seed Protein Harosoy 0.44 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Protein Harosoy 0.18 0.000032 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Oil Harosoy 0.08 0.001291 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Seed Yield Clark 154.34 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Height Clark 3.01 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 99.6 GmConsensusV4.0 BARC-015925-02017 Height Clark 3.28 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 95.6 GmConsensusV4.0 Satt581 Seed Weight Harosoy 0.33 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 95.6 GmConsensusV4.0 Satt581 Seed Weight Harosoy 0.12 0.022795 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 91.4 GmConsensusV4.0 Satt592 Maturity Date Clark 3.49 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 91.4 GmConsensusV4.0 Satt592 Maturity Date Clark 4.99 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 91.4 GmConsensusV4.0 Satt592 Lodging Clark 0.29 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 91.4 GmConsensusV4.0 Satt592 Height Clark 1.92 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 129.0 GmComposite2003 Sat_108 Maturity Date Minsoy 0.90 4.28 0.026 Minsoy x Noir 1 F7:11 RIL Specht et al., (2001)
O 107.3 GmConsensusV4.0 Satt243 Seed Protein Harosoy 0.42 7.52 0.106 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 136.3 GmComposite2003 Matur_E2 Seed Oil Harosoy 0.24 8.28 0.123 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 136.3 GmComposite2003 Matur_E2 Seed Oil Harosoy 0.15 3.32 0.053 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 107.3 GmConsensusV4.0 Satt243 Seed Oil Harosoy 0.32 5.86 0.072 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 107.3 GmConsensusV4.0 Satt243 Seed Yield Harosoy 84.74 4.59 0.076 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 136.3 GmComposite2003 Matur_E2 Seed Yield Clark 114.85 6.98 0.108 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 3.75 20.68 0.076 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 4.03 15.71 0.111 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 4.53 20.38 0.094 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 5.28 16.03 0.074 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 136.3 GmComposite2003 Matur_E2 Lodging Clark 0.19 5.94 0.081 Harosoy x Clark F2:6 RIL Irrigation, 1998
O 136.3 GmComposite2003 Matur_E2 Lodging Clark 0.34 14.21 0.192 Harosoy x Clark F2:6 RIL Irrigation, 1999
O 136.3 GmComposite2003 Matur_E2 Height Clark 2.26 5.51 0.078 Harosoy x Clark F2:6 RIL Rainfed, 1998
O 136.3 GmComposite2003 Matur_E2 Height Clark 1.36 3.70 0.038 Harosoy x Clark F2:6 RIL Rainfed, 1999
O 136.3 GmComposite2003 Matur_E2 Seed Oil Harosoy 0.16 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 107.3 GmConsensusV4.0 Satt243 Seed Oil Harosoy 0.26 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 136.3 GmComposite2003 Matur_E2 Seed Yield Clark 22.25 0.094621 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 4.32 0.000000 - Harosoy x Clark F2:6 RIL Irrigation, 1998 - 1999
O 136.3 GmComposite2003 Matur_E2 Maturity Date Clark 5.46 0.000000 - Harosoy x Clark F2:6 RIL Rainfed, 1998 - 1999
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Appendix A 
The Derivation of Harosoy x Clark Population of 300 RILs  
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Fig. A. The generation scheme of Harosoy x Clark population of 300 RILs  
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Previously Studied QTL Information about Seed Protein & Oil 
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Table B. Previously identified QTLs for seed protein and oil in Soybase (continued on the next) 
 
  
Nearest Q TL Differ LO D or R^2 Population Literature
Marker High Allele AA - BB Prob (%) Type Reference
A1 21.0 A329_2 O il Noir 1 0.44 <0.0010 5.2 Minsoy x Noir 1 RIL Mansur et al., (1996)
A1 21.0 A329_2 Protein Minsoy 0.66 <0.0010 5.2 Minsoy x Noir 1 RIL Mansur et al., (1996)
A1 44.4 R183_1 O il Noir 1 na 0.0018 14.4 PI 27890 x PI 290136 RIL(F9:10) Lark et al., (1994)
A1 49.8 B030_2 O il not stated na 0.0200 14.4 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
A1 52.0 A096_1 O il not stated na 0.0200 14.4 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
A1 53.6 K400_1 O il not stated na 0.0200 14.4 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
A1 57.4 T153_3 O il not stated na 0.0200 14.4 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
A1 73.1 A975_1 O il not stated na 0.0090 10.9 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
A1 84.3 Satt174 O il Archer na 4.90 10.0 Minsoy x Archer RIL O rf et al., (1999)
A1 87.3 T155_1 O il Minsoy 0.54 <0.0010 7.3 Minsoy x Noir 1 RIL Mansur et al., (1996)
A1 87.3 T155_1 Protein Noir 1 0.66 <0.0010 9.1 Minsoy x Noir 1 RIL Mansur et al., (1996)
A1 87.3 T155_1 O il Minsoy na 3.40 13.0 Minsoy x Noir 1 RIL O rf et al., (1999)
A1 87.3 T155_1 Protein Noir 1 na 4.20 15.0 Minsoy x Noir 1 RIL O rf et al., (1999)
A1 87.3 B170_1 O il Noir 1 0.45 4.62 4.6 Minsoy x Noir 1 RIL Specht et al., (2001)
A1 87.3 B170_1 Protein Noir 1 0.68 4.98 4.1 Minsoy x Noir 1 RIL Specht et al., (2001)
A1 90.1 A104_1 O il not stated na 0.0030 18.9 M82-806 x HHP F2:5 Brummer et al., (1997)
A2 57.8 T153_1 O il Noir 1 1.40 5.50 36.0 Minsoy x Noir 1 F2:5 Mansur et al., (1993)
A2 49.0 I O il Moshidou Gong 503 0.54 2.59 5.0 Misuzudaizu x Moshidou Gong 503 RIL(F7:8) Tajuddin et al., (2003)
A2 67.3 A111_1 O il Moshidou Gong 503 0.55 2.90 9.0 Misuzudaizu x Moshidou Gong 503 RIL(F7:8) Tajuddin et al., (2003)
A2 133.5 A065_1 Protein Coker 237 6.00 2.70 14.1 PI 97100 x Coker 237 F2:3 Lee et al., (1996)
A2 140.7 A505_1 O il not stated na 0.0300 8.9 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
A2 140.7 A505_1 Protein not stated na 0.0100 11.2 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
A2 145.6 Satt409 Protein LG82-8379 na 3.60 6.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
A2 160.6 Ti Protein not stated na 0.0500 2.0 M91-212006 x SZG9652 F2:3/F2:4 Vollmann et al., (2002)
B1 20.7 A702_1 Protein not stated na 0.0080 39.0 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
B1 24.7 A109_1 O il not stated na 0.0300 31.3 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
B1 24.7 A109_1 Protein not stated na 0.0080 39.0 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
B1 24.7 A109_1 Protein not stated na 0.0001 8.0 McCall x PI 445815 F2:5 Brummer et al., (1997)
B1 36.5 Satt251 Protein not stated 4.80 0.0500 3.0 Essex x Williams F4:6 Chapman et al., (2003)
B2 17.1 B142_1 Protein PI 416937 0.50 >2.5 1.2 Young x PI 416937 F4 Lee et al., (1996)
B2 22.3 A242_1 O il not stated na 0.0001 39.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
B2 22.3 A242_1 Protein not stated na 0.0040 19.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
B2 28.4 A352_1 Protein PI 416937 0.60 >2.5 1.0 Young x PI 416937 F4 Lee et al., (1996)
B2 33.1 A242_1 Protein not stated na 0.0040 19.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
B2 55.2 Satt168 Protein LG82-8379 na 0.0009 10.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
B2 88.6 Satt020 O il Ma. Belle 0.20 0.0010 3.1 Ma. Belle  x Proto F2 Csanádi et al., (2001)
B2 104.7 A519_1 O il Moshidou Gong 503 0.54 2.18 9.0 Misuzudaizu x Moshidou Gong 503 F7:8RIL Tajuddin et al., (2003)
B2 124.4 Satt560 Protein Nannong 1138-2 0.60 3.50 12.4 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
LG Dist Trait Parental Mating
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C1 21.0 SO YGPATR Protein Noir 1 na 3.70 12.0 Minsoy x Noir 1 RIL O rf et al., (1999)
C1 21.0 SO YGPATR O il Archer na 3.40 7.0 Minsoy x Archer RIL O rf et al., (1999)
C1 33.1 A463_1 Protein PI 416937 0.40 >2.5 6.8 Young x PI 416937 F4 Lee et al., (1996)
C1 45.3 K001_1 O il not stated na 0.0200 11.0 Minsoy x Noir 1 F2:5 Mansur et al., (1993)
C1 45.3 K001_1 O il Noir 1 0.82 4.05 7.1 Minsoy x Noir 1 RIL Specht et al., (2001)
C1 61.1 L92_1 Protein Minsoy na 6.40 12.0 Minsoy x Archer RIL Stombaugh et al., (2004)
C1 74.0 Satt578 Protein Minsoy na 6.40 12.0 Minsoy x Archer RIL O rf et al., (1999)
C1 97.0 A338_2 Protein PI 416937 na 0.0500 10.0 Young x PI 416937 F4 Lee et al., (1996)
C1 123.8 Satt338 O il BSR 101 na <0.0001 5.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
C1 123.8 Satt338 Protein LG82-8379 na 2.50 16.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
C1 126.2 A063_1 O il Coker 237 0.30 0.0500 13.2 PI 97100 x Coker 237 F2 Lee et al., (1996)
C1 126.2 A063_1 Protein not stated na 0.0004 16.9 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
C1 126.2 A063_1 Protein not stated na 0.0090 12.0 M84-492 x Sturdy F2:5 Brummer et al., (1997)
C1 161.1 gc197_1 Protein PI 416937 0.40 0.0500 13.0 Young x PI 416937 F4 Lee et al., (1996)
C1 178.1 A338_2 Protein PI 416937 0.40 0.0500 10.0 Young x PI 416937 F4 Lee et al., (1996)
C2 29.2 Satt432 O il Archer na 3.30 11.0 Noir1 x Archer RIL O rf et al., (1999)
C2 55.5 A338_1 Protein PI 416937 0.50 >2.5 10.1 Young x PI 416937 F4 Lee et al., (1996)
C2 98.1 Satt363 Protein LG82-8379 na 2.50 5.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
C2 119.6 Satt277 Protein Williams 5.30 9.80 28.0 Essex x Williams RIL(F6:8) Hyten et al., (2004)
C2 112.7 Satt277/Satt460 O il not stated na na na Essex x Williams RIL(F6:8) Hyten et al., (2004)
C2 122.4 L148_1 O il not stated na 0.0300 8.5 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
C2 159.1 A538_1 O il not stated na 0.0300 8.5 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
C2 168.3 Sct_028 Protein Proto 0.40 0.0069 6.6 Ma. Belle  x Proto F2 Csanádi et al., (2001)
D1a 1.0 A398_1 Protein not stated na 0.0090 27.60 LN83-2356 x PI 360843 F2:5 Brummer et al., (1997)
D1a 36.6 A691_1 Protein not stated na 0.0200 10.30 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
D1a 36.9 Satt179/Satt184 O il not stated na na na Essex x Williams RIL(F6:8) Hyten et al., (2004)
D1a 89.5 Satt468 O il Noir 1 0.62 4.66 9.10 Minsoy x Noir 1 RIL Specht et al., (2001)
D1a 87.9 Satt077 Protein Ma. Belle 0.44 0.0100 4.70 Ma. Belle  x Proto F2 Csanádi et al., (2001)
D1a 92.1 Satt077 O il Ma. Belle 0.44 0.0090 4.70 Ma. Belle  x Proto F2 Csanádi et al., (2001)
D1b 10.0 A481V O il Nannong 1138-2 0.30 2.50 7.4 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
D1b 25.9 Wc O il Minsoy 0.36 2.62 6.7 Minsoy x Noir 1 RIL Specht et al., (2001)
D1b 37.1 Satt157 Protein BSR 101 na <0.0001 14.0 BSR 101 x LG82-8379 F5 Kabelka et al., (2004)
D1b 77.2 Wp Protein LN na na na RM55 x LN89-5322-2 F2 Hegstad et al., (2000)
D1b 116.4 Satt274 O il TN93-99 3.68 0.0010 11.8 TN93-99 x N87-984-16 F6  Panthee et al., (2005)
D2 0.0 A064 Protein Minsoy 0.80 6.11 11.1 Minsoy x Noir 1 RIL Specht et al., (2001)
D2 40.8 Satt154/Satt458 O il not stated na na na Essex x Williams RIL(F6:8) Hyten et al., (2004)
D2 89.3 K258_2 O il Young 0.30 >2.5 8.8 Young x PI 416937 F4 Lee et al., (1996)
D2 98.8 cr142_1 O il Young 0.30 0.0500 12.9 Young x PI 416937 F4 Lee et al., (1996)
D2 99.0 cr326_1 O il Young na 0.0500 8.8 Young x PI 416938 F4 Lee et al., (1996)
D2 107.5 Satt310 Protein Moshidou Gong 503 0.66 3.24 7.0 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
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E 19.4 Satt384 Protein MG 503 0.63 3.56 7.0 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
E 20.4 SAC7_1 O il A81-356022 1.70 0.0001 43.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 20.4 SAC7_1 Protein PI 468916 1.70 0.0030 24.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 22.5 A242_2 O il A81-356022 1.40 0.0001 39.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 22.5 A242_2 Protein PI 468916 1.20 0.0040 19.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 22.9 Pb O il A81-356022 1.30 0.0010 27.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 25.7 A053_1 O il A81-356022 1.40 0.0060 32.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 25.7 A053_1 Protein PI 468916 1.40 0.0100 16.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 28.7 A069_3 O il Young 0.20 >2.5 6.7 Young x PI 416937 F4 Lee et al., (1996)
E 31.6 A069_2 O il Young na 0.0500 6.7 Young x PI 416938 F4 Lee et al., (1996)
E 33.7 A517_1 Protein PI 416937 0.50 0.0500 7.4 Young x PI 416937 F4 Lee et al., (1996)
E 35.4 cr167_1 Protein PI 416937 na 0.0500 7.4 Young x PI 416937 F4 Lee et al., (1996)
E 36.4 K229_1 O il A81-356022 1.10 0.0010 22.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 39.1 A454_1 O il A81-356022 1.00 0.0008 23.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 39.1 A454_1 Protein PI 97100 0.70 >2.5 8.8 Coker237 x PI 97100 F2 Lee et al., (1996)
E 39.1 B174_1 Protein not stated na 0.0200 11.1 McCall x PI 445815 F2:5 Brummer et al., (1997)
E 41.9 A203_1 O il A81-356022 1.00 0.0060 18.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
E 73.8 A458_1 Protein not stated na 0.0200 11.1 McCall x PI 445815 F2:5 Brummer et al., (1997)
E 94.2 cr274_1 Protein PI 416937 na 0.0500 8.0 Young x PI 416937 F4 Lee et al., (1996)
F 54.4 K002_1 Protein not stated na 0.0300 8.7 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
F 71.4 Satt510 Protein LG82-8379 na 0.0003 16.0 BSR 101 x LG82-8379 F5 Kabelka et al., (2004)
F 89.7 Satt144 Protein Essex 4.10 4.40 18.0 Essex x Williams RIL(F6:8) Hyten et al., (2004)
F 114.8 Satt510 O il Noir 1 0.48 3.33 6.3 Minsoy x Noir 1 RIL(F7:11) Specht et al., (2001)
F 155.8 B148_1 Protein Essex 4.00 0.0001 17.0 Peking x Essex F2.3 Q iu et al., (1999)
F 165.6 A566_2 O il Coker 237 0.40 >2.5 9.8 PI 97100 x Coker 237 F2 Lee et al., (1996)
F 165.6 A566_2 Protein PI 97100 0.80 >2.5 13.5 PI 97100 x Coker 237 F2 Lee et al., (1996)
F 123.8 A245_1 Protein PI 468916 1.00 0.0100 12.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
G 7.3 A199_3 Protein PI 416937 na 0.0500 14.0 Young x PI 416937 F4 Lee et al., (1996)
G 12.7 Satt570 Protein N87-984-16 0.31 3.50 20.0 N87-984-16  x TN93-99 RIL(F6:7) Panthee et al., (2005)
G 94.6 A584_1 O il not stated na 0.0100 18.5 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
G 94.6 A584_1 O il not stated na 0.0090 11.4 M84-492 x Sturdy F2:5 Brummer et al., (1997)
G 95.7 A816_1 O il not stated na 0.0070 11.3 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
G 95.7 A890_1 O il not stated na 0.0040 14.9 A87-296011 x CX1039-98 F2:4 Brummer et al., (1997)
G 95.7 A890_1 Protein not stated na 0.0030 16.0 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
G 95.7 A816_1 Protein not stated na 0.0050 12.0 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
G 96.0 A374_3 O il not stated na 0.0070 11.0 A87-296011 x CX1039-99 F2:5 Brummer et al., (1997)
G 132.4 A245_2 Protein not stated na 0.0100 12.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
G 143.4 A235_1 O il Coker 237 0.10 >2.5 14.7 PI 97100 x Coker 237 F2 Lee et al., (1996)
G 143.4 A235_1 Protein not stated na 0.0400 8.3 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
G 143.7 Satt191 Protein Minsoy 0.84 4.67 11.0 Minsoy x Noir 1 RIL Specht et al., (2001)
G 143.9 L002_2 O il Coker 237 na 0.0500 13.9 PI 97100 x Coker 236 F1 Lee et al., (1996)
G 146.2 L154_1 O il Coker 237 na 0.0500 17.1 PI 97100 x Coker 236 F1 Lee et al., (1996)
G 146.6 L002_1 O il Coker 237 0.10 >2.5 13.9 PI 97100 x Coker 237 F2 Lee et al., (1996)
G 146.6 L002_1 O il Minsoy 0.62 5.33 7.9 Minsoy x Noir 1 RIL Specht et al., (2001)
G 159.3 L154_2 O il Coker 237 0.00 >2.5 17.1 PI 97100 x Coker 237 F2 Lee et al., (1996)
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H 31.9 A069_1 O il not stated na 0.0003 18.0 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
H 31.9 A069_1 Protein not stated na 0.0500 7.2 C1763 x CX1159-49-1 F2:5 Brummer et al., (1997)
H 85.9 Satt142 Protein LG82-8379 na 0.0004 3.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
H 89.5 Satt317 O il TN93-99 3.24 0.0010 9.4 TN93-99 x N87-984-16 RIL(F6:7) Panthee et al., (2005)
H 128.0 A566_2 O il Coker 237 0.40 0.0500 10.0 PI 97100 x Coker 237 F2 Lee et al., (1996)
H 128.0 A566_2 Protein PI 97100 na 0.0500 14.0 PI 97100 x Coker 237 F2 Lee et al., (1996)
H 138.1 B072_1 O il Essex 2.00 0.0020 21.0 Peking x Essex F2.3 Q iu et al., (1999)
H 138.1 B072_1 Protein Essex 5.00 0.0018 32.0 Peking x Essex F2.3 Q iu et al., (1999)
I 2.0 Satt562 O il Proto 0.55 0.0100 5.7 Ma. Belle  x Proto F2 Csanádi et al., (2001)
I 10.7 Satt562 O il Proto 0.55 0.0040 5.7 Ma. Belle  x Proto F2 Csanádi et al., (2001)
I 15.5 Satt127 Protein PI 468916 2.10 0.0001 65.0 A81-356022 x PI 468916 F2 BC3F4:6 Sebolt et al., (2000)
I 17.2 BLT002 O il Minsoy 0.60 6.10 10.0 Minsoy x Noir 1 RIL Specht et al., (2001)
I 18.2 A144_1 Protein PI 468916 1.80 0.0007 24.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 18.2 A688_1 Protein PI 468916 1.80 0.0010 25.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 18.2 A144_1 Protein not stated na 0.0002 27.5 M82-806 x HHP F2:5 Brummer et al., (1997)
I 18.2 A144_1 O il A81-356022 0.95 0.0001 39.0 A81-356022 x PI 468916 BC3F4:6 Sebolt et al., (2000)
I 18.2 A144_1 O il Parker 0.90 0.0008 15.0 PI 468916 x Parker F3:4 Sebolt et al., (2000)
I 18.2 A144_1 Protein PI 468916 2.00 0.0001 44.0 PI 468916 x Parker F3:4 Sebolt et al., (2000)
I 18.2 A144_1 O il Kenwood 0.90 0.0001 23.0 BC3 Line x Kenwood F3:4 Sebolt et al., (2000)
I 18.2 A144_1 Protein PI 468916 1.90 0.0001 41.0 BC3 Line x Kenwood F3:4 Sebolt et al., (2000)
I 23.4 BLT002_1 O il Minsoy 0.62 5.12 9.9 Minsoy x Noir 1 RIL Specht et al., (2001)
I 23.5 K011_1 O il A81-356022 0.40 0.0002 27.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 23.5 K011_1 Protein PI 468916 2.40 0.0001 42.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 23.6 A407_1 O il A81-356022 0.40 0.0005 28.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 23.6 A407_1 Protein PI 468916 2.20 0.0001 39.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
I 23.6 A407_1 Protein not stated na 0.0002 27.5 M82-806 x HHP F2:5 Brummer et al., (1997)
I 25.3 Satt496/Satt239 Protein PI 437088A 1.94 16.90 45.0 A81-356022 x PI 468916 RIL Chung et al., (2003)
I 25.3 Satt496/Satt239 Protein Asgrow A3733 1.14 10.46 28.0 Minsoy x Noir 1 RIL Chung et al., (2003)
I 25.3 Satt496/Satt239 O il Asgrow A3733 na 13.31 19.0 Minsoy x Noir 1 RIL Chung et al., (2003)
I 35.4 Satt127 O il MG 503 1.06 3.36 8.6 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
I 36.7 Satt496/Satt239 O il Asgrow A3733 1.18 7.96 24.2 PI437088A x Asgrow A3733  RIL(F5:6) Chung et al., (2003)
I 36.7 Satt496/Satt239 Protein PI 437088A 1.78 12.20 27.7 PI437088A x Asgrow A3733  RIL(F5:6) Chung et al., (2003)
I 36.9 Satt239 Protein Moshidou Gong 503 1.11 9.27 20.0 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
I 110.2 L026_2 O il Noir 1 0.42 2.58 4.8 Minsoy x Noir 1 RIL Specht et al., (2001)
J 25.5 Satt285 O il LG82-8379 na <0.0001 16.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
J 28.1 K384_1 O il MG 503 0.90 2.40 6.1 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
J 48.7 B166_1 Protein PI 416937 0.50 >2.5 7.6 Young x PI 416937 F4 Lee et al., (1996)
J 91.2 B122_1 O il Young na <0.0500 7.0 Young x PI 416937 F4 Lee et al., (1996)
K 15.8 Satt102/Satt539 Protein Essex 10.80 4.30 24.4 Essex x Williams RIL(F6:8) Hyten et al., (2004)
K 22.7 A315_1 O il Noir 1 na 2.90 24.0 Minsoy x Noir 1 F2:5 Mansur et al., (1993)
K 35.8 A315_1 O il Noir 1 1.00 2.9 0.24 Minsoy x Noir 1 RIL(F5:6) Mansur et al. (1993)
K 35.0 R051_2 Protein PI 97100 na 0.0500 10.2 PI 97100 x Coker 237 F2:3 Lee et al., (1996)
K 55.1 Satt178 Protein Minsoy 0.52 3.35 3.3 Minsoy x Noir 1 RIL(F7:11) Specht et al., (2001)
K 80.9 A065_3 Protein PI 97100 na 0.0500 10.6 PI 97100 x Coker 237 F2:3 Lee et al., (1996)
K 164.8 Satt196 Protein Ma. Belle 0.32 0.0009 4.7 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
K 164.8 Satt196 O il Proto 0.32 0.0004 6.5 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
K 171.7 K387_1 O il not stated na 0.0020 15.9 C1763 x CX1039-99 F2:5 Brummer et al., (1997)
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L 45.1 A023_1 O il Young 0.20 0.0500 7.4 Young x PI 416937 F4 Lee et al., (1996)
L 45.1 A023_1 O il A81-356022 0.58 0.0001 32.0 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
L 45.1 A023_1 Protein PI 468916 0.58 2.19 5.6 A81-356022 x PI 468916 F2:3 Diers et al., (1992)
L 54.1 Satt156 Protein Moshidou Gong 503 1.11 9.27 20.0 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
L 77.8 Satt166 O il not stated na na na Essex x Williams RIL(F6:8) Hyten et al., (2004)
L 81.1 Satt166 Protein Archer na 3.30 11.0 Noir 1 x Archer RIL O rf et al., (1999)
L 96.5 Satt229/Satt373 O il not stated 3.00 3.30 8.3 Essex x Williams RIL(F6:8) Hyten et al., (2004)
L 99.5 G173_1 O il Noir 1 0.38 3.72 7.2 Minsoy x Noir 1 RIL Specht et al., (2001)
L 104.7 Satt006 O il Noir 1 0.57 <0.0010 8.5 Minsoy x Noir 1 RIL Mansur et al., (1996)
L 104.7 Satt006 Protein Minsoy 0.83 <0.0010 7.8 Minsoy x Noir 1 RIL Mansur et al., (1996)
L 104.7 Satt006 Protein Minsoy 0.64 3.22 6.6 Minsoy x Noir 1 RIL Specht et al., (2001)
L 106.5 A489_1 O il Noir 1 na 6.10 19.0 Noir 1 x Archer RIL O rf et al., (1999)
L 107.2 Satt373 Protein Essex 5.80 0.0500 4.0 Essex x Williams RIL(F4:6) Chapman et al., (2003)
L 108.7 Satt006 O il PI 27890 na na 8.0 PI 290136 x PI 27890 RIL(F7:8) O rf et al., (1999)
L 108.7 Satt006 Protein PI 290136 na na 8.0 PI 290136 x PI 27890 RIL(F7:8) O rf et al., (1999)
L 110.5 A489_1 O il Noir 1 na 6.10 19.0 Noir 1 x Archer RIL O rf et al., (1999)
M 41.0 Satt567 Protein Minsoy 0.83 12.78 32.9 Minsoy x Noir 1 RIL Specht et al., (2001)
M 41.0 Satt567 Protein Proto na 0.0100 7.0 Ma.Belle  x Proto F2 Csanádi et al., (2001)
M 43.0 Satt463/Satt540 O il Williams 3.40 3.60 11.6 Essex x Williams RIL(F6:8) Hyten et al., (2004)
M 43.0 Satt463/Satt540 Protein Essex 5.40 4.30 24.0 Essex x Williams RIL(F6:8) Hyten et al., (2004)
M 50.0 Satt567 Protein Ma. Belle 0.39 0.0002 7.1 Ma. Belle  x Proto F2 Csanádi et al., (2001)
M 50.0 R079_1 O il Archer na na na Minsoy x Archer RIL(F9:10) Lark et al., (1994)
M 50.0 R079_1 Protein Minsoy na 3.20 6.0 Minsoy x Archer RIL O rf et al., (1999)
M 107.7 Satt250 O il Moshidou Gong 503 0.90 2.20 6.3 Misuzudaizu x Moshidou Gong 503 RIL Tajuddin et al., (2003)
M 130.8 Satt308 Protein LG82-8379 na <0.0001 10.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
N 0.6 A071_1 Protein PI 416937 0.50 >2.5 11.0 Young x PI 416937 F4 Lee et al., (1996)
N 27.8 A071_2 Protein PI 416937 na 0.0500 11.0 Young x PI 416937 F4 Lee et al., (1996)
N 30.5 gc34_2 Protein PI 416937 na 0.0500 7.6 Young x PI 416937 F4 Lee et al., (1996)
N 75.2 Satt521 Protein Noir 1 0.58 2.29 5.1 Minsoy x Noir 1 RIL Specht et al., (2001)
N 75.9 Satt339 Protein LG82-8379 na <0.0001 13.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
O 5.4 Satt358 Protein LG82-8379 na 3.00 9.0 BSR 101 x LG82-8379 RIL(F5:6) Kabelka et al., (2004)
O 52.0 Satt420/Satt479 O il TN93-99 0.30 3.50 15.0 TN93-99 x N87-984-16 RIL(F6:7) Panthee et al., (2005)
O 81.7 Satt478 Protein Noir 1 0.80 2.99 6.3 Minsoy x Noir 1 RIL Specht et al., (2001)
UKN - Q 043_1 Protein Coker 237 10.00 3.70 14.3 PI 97100 x Coker 237 F2:3 Lee et al., (1996)
UKN - A132_4 Protein PI 97100 8.00 3.40 13.4 PI 97100 x Coker 237 F2:3 Lee et al., (1996)
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 Table C. Previously identified QTLs for 100-seed weight in Soybase (continued on the next)
 
 
 
Nearest Q TL Differ LO D or R^2 Population Literature
Marker High Allele AA - BB Prob (%) Type Reference
A1 27.78 Satt449 Archer na 3.20 6.0 Noir 1 x Archer RIL O rf et al., (1999)
A1 88.58 Satt174 Noir 1 na 3.40 7.0 Noir 1 x Minsoy RIL O rf et al., (1999)
A1 92.89 Satt200 Noir 1 0.52 3.55 3.4 Noir 1 x Minsoy RIL Specht et al., (2001)
A1 93.59 T155_1 Noir 1 na <0.0010 6.1 Noir 1 x Minsoy RIL Mansur et al., (1996)
A2 50.40 T153_1 V71-370 na 0.0070 7.1 V71-370 x PI 407162 F2:3 Maughan et al., (1996)
A2 54.90 Satt187 A96-492058 na 0.0060 10.1 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
A2 54.92 Satt187 Archer na 3.70 7.0 Noir 1x Archer RIL O rf et al., (1999)
A2 105.10 Satt525 not stated 0.80 3.40 6.7 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
A2 108.78 Satt508 Minsoy na 4.30 8.0 Noir 1 x Minsoy RIL O rf et al., (1999)
A2 116.73 Satt470 Minsoy 0.52 3.75 3.6 Noir 1 x Minsoy RIL Specht et al., (2001)
A2 119.09 K443_2 Minsoy na <0.0010 10.8 Noir 1 x Minsoy RIL Mansur et al., (1996)
B1 5.07 T028_1 Noir 1 na 3.80 8.0 Noir 1 x Archer RIL O rf et al., (1999)
B1 58.91 A118_1 V71-370 na 0.0010 14.2 V71-370 x PI 407162 F2/F2:3 Maughan et al., (1996)
B1 59.66 A089_2 Jinpumkong 2 na 0.0130 11.0 Jinpumkong 2 x Pureunkong F2:3/F2:4 Lee et al., (2001)
B1 81.31 Sat_095 Noir 1 0.58 2.65 4.4 Noir 1 x Minsoy RIL Specht et al., (2001)
B1 107.50 Satt509 not stated 1.00 3.80 10.2 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
B2 55.18 cr395_1 Coker 237 na 0.0300 6.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
B2 65.60 Satt304 A96-492058 na 0.0002 16.0 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
B2 72.51 BLT057_2 Minsoy 0.60 4.83 4.7 Noir 1 x Minsoy RIL Specht et al., (2001)
B2 72.80 Satt070 A96-492059 na 0.0001 17.1 A96-492058 x A97-775027 F2:3 Hoeck et al., (2003)
C1 1.00 Satt565 not stated na 0.0001 15.1 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
C1 18.62 A059_1 PI 416937 na 0.0001 10.0 PI 416937 x Young RIL(F4:5) Mian et al., (1996)
C1 33.30 K001_1 Archer na 5.00 9.0 Noir 1 x Archer RIL O rf et al., (1999)
C1 73.17 L192_1 Archer na 3.10 6.0 Archer x Minsoy RIL O rf et al., (1999)
C2 23.34 L199_2 Minsoy 0.54 4.61 4.6 Noir 1 x Minsoy RIL Specht et al., (2001)
C2 23.34 L199_2 Minsoy na 4.60 9.0 Noir 1 x Minsoy RIL O rf et al., (1999)
C2 25.07 A262_4 Minsoy na <0.0010 6.2 Noir 1 x Minsoy RIL Mansur et al., (1996)
C2 95.61 A635_1 Young na 0.0100 6.0 PI 416937 x Young RIL(F4:5) Mian et al., (1996)
C2 107.60 Satt277 Noir 1 na 3.70 7.0 Noir 1 x Archer RIL O rf et al., (1999)
C2 108.73 Satt229 Hayahikari na 4.40 na Hayahikari x Toyomusume RIL Funatsuki et al., (2005)
C2 112.50 T Hayahikari na 13.50 na Hayahikari x Toyomusume RIL Funatsuki et al., (2005)
C2 113.70 Satt277 Williams 9.00 4.80 7.7 Williams x Essex RIL Hyten et al., (2004)
D1a 17.52 Satt184 TN93-99 6.20 3.50 11.3 TN93-99 x N87-984-16 RIL Panthee et al., (2005)
D1a 62.71 Satt147 TN93-99 7.20 4.60 16.5 TN93-99 x N87-984-16 RIL Panthee et al., (2005)
D1a 65.10 Satt071 Williams 11.00 4.00 13.9 Williams x Essex RIL Hyten et al., (2004)
D1a 75.30 Sat_036 Noir 1 na 3.20 6.0 Noir 1 x Minsoy RIL O rf et al., (1999)
LG Dist Parental Mating
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D2 10.35 A257_1 Coker 237 9.60 0.0087 8.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
D2 29.56 Satt014 Essex 12.00 0.0500 14.0 Williams x Essex RIL Chapman et al., (2003)
D2 31.00 A611D / B146H not stated 1.00 4.50 9.2 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
D2 35.40 B146H / Satt458 not stated 1.20 4.80 11.4 Kefeng No.1 x Nannong 1138-2 F2:7:10 Zhang et al., (2004)
D2 47.73 Satt002 TN93-99 6.00 0.0010 10.0 TN93-99 x N87-984-16 RIL Panthee et al., (2005)
D2 57.10 Satt154 A96-492058 na 0.0001 17.9 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
E 23.70 A069_2 Jinpumkong 2 na 0.0150 10.0 Jinpumkong 2 x Pureunkong F2:4/F2:5 Lee et al., (2001)
E 46.30 BLT049_5 PI 416937 na 0.0001 14.0 PI 416937 x Young RIL(F4:5) Mian et al., (1996)
E 47.57 G124_26 Noir 1 na 3.10 6.0 Noir 1 x Archer RIL O rf et al., (1999)
F 3.04 Satt343 Minsoy 0.50 3.30 3.1 Noir 1 x Minsoy RIL Specht et al., (2001)
F 47.63 K002_1 PI 97100 na 0.0168 7.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
F 51.50 K265_1 Minsoy 0.50 2.90 3.2 Noir 1 x Minsoy RIL Specht et al., (2001)
F 58.95 Satt297 Toyomusume na 5.70 na Hayahikari x Toyomusume RIL Funatsuki et al., (2005)
F 59.77 BLT025_1 Young na 0.02 5.0 PI 416937 x Young RIL Mian et al., (1996)
F 63.70 Satt114 A96-492058 na 0.01 11.2 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
F 64.45 Satt335 / Satt114 Essex 9.20 4.70 9.8 Williams x Essex RIL Hyten et al., (2004)
F 71.42 L050_14 Noir 1 na 3.60 7.0 Noir 1 x Archer RIL O rf et al., (1999)
F 74.70 cr321_2 Jinpumkong 2 na 0.0050 13.0 Jinpumkong 2 x Pureunkong F2:4/F2:5 Lee et al., (2001)
G 1.00 Satt163 Noir 1 na 3.60 7.0 Noir 1 x Minsoy RIL O rf et al., (1999)
G 1.00 Satt163 Noir 1 0.62 4.93 4.8 Noir 1 x Minsoy RIL Specht et al., (2001)
G 40.25 Satt340 / Satt394 Williams 6.40 2.9 4.4 Williams x Essex RIL Hyten et al., (2004)
G 52.60 B031_2 PI 416937 na 0.0001 22.0 PI 416937 x Young RIL(F4:5) Mian et al., (1996)
G 67.53 A816_1 V71-370 na 0.0010 9.8 V71-370 x PI 407162 F2/F2:3 Maughan et al., (1996)
G 69.87 Satt517 Minsoy 0.54 3.01 3.6 Noir 1 x Minsoy RIL Specht et al., (2001)
G 97.24 A235_1 Jinpumkong 2 na 0.0350 8.0 Jinpumkong 2 x Pureunkong F2:4/F2:5 Lee et al., (2001)
G 97.24 A235_1 Coker 237 4.80 0.0040 10.0 PI 97100  x Coker237 F2:3 Mian et al., (1996)
H 12.00 Satt635 Hayahikari na 4.10 na Hayahikari x Toyomusume RIL Funatsuki et al., (2005)
H 38.90 Sctt009 A96-492058 na 0.0010 13.3 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
H 81.00 Satt302 A96-492058 na 0.0180 8.6 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
I 22.84 Satt562 Ma. Belle na 0.0100 11.6 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
I 32.42 A144_1 A81356022 na 0.0010 29.0 A81356022 x PI 468916 BC3 Sebolt et al., (2000)
I 44.00 A515_1 Parker na 0.0010 4.0 Parker x PI 468916 BCF4 Sebolt et al., (2000)
I 91.78 Satt148 / Satt292 Essex 11.20 3.00 6.4 Williams x Essex RIL Hyten et al., (2004)
J 27.63 B166_1 Young na 0.0060 8.0 PI 416937 x Young RIL(F4:5) Mian et al., (1996)
J 28.13 K384_1 V71-370 na 0.0010 10.5 V71-370 x PI 407162 F2:3 Maughan et al., (1996)
K 30.28 Satt102 Minsoy 0.46 2.67 2.8 Noir 1 x Minsoy RIL Specht et al., (2001)
K 51.63 Satt273 / Satt518 Williams 7.20 3.30 5.0 Williams x Essex RIL Hyten et al., (2004)
K 67.73 A199_1 Coker 237 na 0.0501 5.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
K 84.54 K003_1 PI 416937 na 0.0040 8.0 PI 416937 x Young RIL Mian et al., (1996)
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L 4.10 EV2_1 PI 97100 na 0.0256 7.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
L 30.20 Satt143 A96-492058 na 0.0001 20.0 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
L 34.54 Satt313 Proto na 0.0100 4.9 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
L 36.70 A023_1 V71-370 na 0.0020 8.7 V71-370 x PI 407162 F2:3 Maughan et al., (1996)
L 66.35 Satt156 / Dt1 Williams 16.40 14.50 28.2 Williams x Essex RIL Hyten et al., (2004)
L 70.36 Satt527 Archer na 3.10 6.0 Archer x Minsoy RIL O rf et al., (1999)
L 75.26 Sat_113 / L050_8 Archer 13.20 3.40 13.7 Archer x Minsoy RIL Stombaugh et al., (2004)
L 78.23 Sat_099 Noir 1 na 3.20 6.0 Noir 1 x Minsoy RIL O rf et al., (1999)
L 89.10 Dt1 PI 97100 14.40 0.0028 10.0 PI 97100  x Coker 237 F2:3 Mian et al., (1996)
L 92.00 Satt006 A96-492058 na 0.0001 28.8 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
L 93.89 Satt229 Ma. Belle na 0.0100 4.8 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
M 7.84 Satt590 Minsoy 0.86 6.69 9.7 Noir 1 x Minsoy RIL Specht et al., (2001)
M 18.60 Satt150 Minsoy na 3.70 7.0 Noir 1 x Minsoy RIL O rf et al., (1999)
M 80.02 Satt306 Ma. Belle na 0.0100 6.8 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
M 112.08 Satt210 Proto na 0.0100 4.5 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
M 133.80 Satt336 A97-775026 na 0.0002 18.3 A96-492058 x A97-775026 F2:3 Hoeck et al., (2003)
O 5.44 Satt358 Ma. Belle na 0.1000 7.8 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
O 64.00 Satt219 Ma. Belle na 0.0100 12.0 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
O 82.09 Satt477 Ma. Belle na 0.0100 5.6 Ma. Belle  x Proto F2:3 Csanádi et al., (2001)
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 Table D. Single marker analysis results for seven traits (continued on the next) 
 
    †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
 
 
Nearest Water Additive QTL 95% LOD 99% LOD
Marker Treatment† Effect Position Confidence Interval ConfidenceInterval
A2 BARC-020591-04686 1998 I Seed Protein -0.27 161.5 3.95 158.6 - 176.3 146.0 - 184.9
C1b Satt294 1998 I Seed Protein 0.27 46.8 3.75 42.8 - 47.7 34.3 - 47.7
C2 BARC-055939-13876 1998 I Seed Protein -0.31 150.6 4.60          149.5 - 150.7 142.7 - 150.7
C2 BARC-055939-13876 1999 I Seed Protein -0.31 150.6 3.24 150.6 - 166.1 146.8 - 150.7
C2 BARC-055939-13876 1998 R Seed Protein -0.32 150.6 3.44 149.1 - 150.7 141.1 - 150.7
C2 BARC-055939-13876 1999 R Seed Protein -0.32 150.6 3.44 147.3 - 150.6 142.0 - 150.6
C2 Satt202 1998 I Seed Protein -0.27 193.4 3.97 190.6 - 207.6 190.6 - 210.6
C2 Satt202 1999 I Seed Protein -0.29 193.4 3.82 190.6 - 203.2 190.6 - 213.0
C2 Satt202 1998 R Seed Protein -0.33 193.4 4.55 189.3 - 211.8 185.5 - 210.5
E BARC-029599-06237 1999 R Seed Protein -0.30 21.2 4.97 19.5 - 23.3 14.0 - 24.7
E Satt598 1999 I Seed Protein -0.32 71.1 4.58 71.1 - 73.1 71.1 - 73.4
E Sat_136 1999 I Seed Protein -0.29 78.3 3.84 75.6 - 80.6 74.3 - 82.0
G BARC-040479-07752 1998 I Seed Protein 0.28 7.4 4.02 7.4 - 10.4 7.4 - 18.8
H BARC-065695-19663 1998 I Seed Protein 0.29 91.9 4.36 85.3 - 93.5 85.2 - 93.5
H BARC-032647-09003 1998 I Seed Protein 0.30 97.8 4.37 93.5 - 101.0 93.5 - 104.3
O Satt581 1998 I Seed Protein 0.27 131.0 3.48 125.7 - 140.3 116.8 - 141.5
O Satt581 1998 R Seed Protein 0.49 131.0 9.61 128.8 - 134.7 126.6 - 137.8
O BARC-015925-02017 1999 I Seed Protein 0.54 133.7 11.92 131.0 - 134.8 126.7 - 136.0
O Matur_E2 1999 I Seed Protein 0.40 145.9 6.30 142.4 - 150.2 141.7 - 154.6
O Matur_E2 1998 R Seed Protein 0.43 145.9 6.80 141.5 - 149.9 141.5 - 153.9
D1a2 BARC-020113-04470 1998 R Seed Oil -0.15 161.7 3.46 151.5 - 162.0 151.5 - 162.1
E Satt598 1999 I Seed Oil 0.18 71.1 5.97 69.2 - 73.4 64.5 - 74.3
E Sat_136 1999 I Seed Oil 0.17 78.3 5.60 75.5 - 82.0 74.3 - 82.0
E Satt268 1999 I Seed Oil 0.17 88.2 5.37 88.2 - 89.2 88.2 - 90.3
O BARC-015925-02017 1999 R Seed Oil 0.49 133.7 23.14 133.3 - 135.8 132.9 - 137.8
O Matur_E2 1998 I Seed Oil 0.19 145.9 4.63 144.1 - 155.9 142.3 - 166.0
O Matur_E2 1999 R Seed Oil 0.51 145.9 24.10 145.1 - 147.1 144.4 - 148.3
C2 PubCol_T 1999 R Seed weight 0.35 168.7 4.74 164.2 - 180.6 159.7 - 192.4
C2 Satt433 1998 I Seed weight 0.35 189.2 3.99 181.3 - 190.4  173.4 - 190.6
F2 BARC-061571-17276 1998 I Seed weight -0.37 74.9 4.56 74.4 - 77.5 74.0 - 77.5
O SOYLBC 1999 R Seed weight 0.33 116.0 3.96 100.2 - 122.9 100.2 - 122.9
O Satt581 1998 R Seed weight -0.39 131.0 3.92 122.9 - 133.7 120.2 - 133.7
O BARC-015925-02017 1999 I Seed weight 0.70 133.7 9.2 131.0 - 135.0 130.2 - 136.4
O BARC-015925-02017 1999 R Seed weight 0.59 133.7 13.00 131.0 - 139.9 131.0 - 146.0
O Matur_E2 1999 I Seed weight 0.49 145.9 4.22 142.4 - 150.9 141.7 - 155.9
O S30848 1998 I Maturity Date -1.83 99.2 3.99 95.9 - 100.2 93.6 - 100.2
O BARC-065805-19758 1999 I Maturity Date -1.82 99.2 4.11 95.9 - 99.9 94.5 - 100.2
O BARC-065805-19758 1998 R Maturity Date -2.42 99.2 5.1 95.9 - 100.2 93.8 - 100.2
O BARC-065805-19758 1999 R Maturity Date -2.84 99.2 4.39 95.9 - 100.2 93.5 - 100.2
O BARC-015925-02017 1998 I Maturity Date -6.86 133.7 86.02 133.6 - 133.9 133.4 - 134.0
O BARC-015925-02017 1999 I Maturity Date -6.23 133.7 65.33 133.4 - 133.9 133.1 - 134.2
O BARC-015925-02017 1998 R Maturity Date -7.73 133.7 74.20 133.5 - 133.9 133.3 - 134.1
O BARC-015925-02017 1999 R Maturity Date -9.84 133.7 76.05 133.5 - 133.9 133.3 - 134.1
O Matur_E2 1998 I Maturity Date -6.62 145.9 72.56 145.8 - 146.2 145.7 - 146.6
O Matur_E2 1999 I Maturity Date -6.09 145.9 58.72 145.8 - 146.3 145.6 - 146.8
O Matur_E2 1998 R Maturity Date -7.66 145.9 69.32 145.8 - 146.3  145.7 - 146.6
O Matur_E2 1999 R Maturity Date -9.62 145.9 67.79 145.8 - 146.3 145.7 - 146.6
LG Year Trait LOD
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     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Nearest Water Additive QTL 95% LOD 99% LOD
Marker Treatment† Effect Position Confidence Interval ConfidenceInterval
F2 Satt522 1998 R Height 1.28 77.5 5.09  73.7 - 91.3  73.7 - 105.2
O BARC-015925-02017 1998 I Height -3.94 133.7 32.51 132.9 - 134.1 132.1 - 134.5
O BARC-015925-02017 1999 I Height -5.21 133.7 49.45 133.5 - 134.0 133.3 - 134.3
O BARC-015925-02017 1998 R Height -2.97 133.7 28.0 133.0 - 134.2 132.2 - 134.7
O BARC-015925-02017 1999 R Height -3.51 133.7 39.79 133.4 - 134.1 133.1 - 134.4
O Matur_E2 1998 I Height -3.50 145.9 23.7 145.6 - 146.9 145.2 - 147.9
O Matur_E2 1999 I Height -4.72 145.9 36.5 145.7 - 146.6  145.4 - 147.3
O Matur_E2 1998 R Height -2.75 145.9 22.76 145.6 - 147.1 145.2 - 148.3
O Matur_E2 1999 R Height -3.16 145.9 29.50 145.6 - 146.8 145.3 - 147.6
C1b Satt294 1998 R Lodging -0.16 46.8 3.53 42.8 - 47.7 37.7 - 49.3
E BARC-064209-18584 1998 I Lodging 0.18 87.6 5.2 87.6 - 87.6 87.6 - 87.6
E Satt268 1998 I Lodging 0.19 88.2 6.39 88.2 - 89.7 88.2 - 90.4
E Satt369 1998 I Lodging 0.16 108.2 4.07 95.8 - 112.7 95.8 - 112.7
O Satt581 1999 I Lodging -0.36 131.0 14.3 122.9 - 132.3 122.9 - 133.7
O Satt581 1999 R Lodging -0.41 131.0 18.57 122.9 - 131.7 122.9 - 132.6
O BARC-015925-02017 1998 I Lodging -0.21 133.7 6.37 131.0 - 135.6 131.0 - 137.4
O Matur_E2 1998 I Lodging -0.16 145.9 3.85 143.6 - 153.1 141.7 - 160.4
O Matur_E2 1999 I Lodging -0.32 145.9 10.66 144.8 - 148.4 143.7 - 150.8
O Matur_E2 1999 R Lodging -0.35 145.9 11.96 144.9 - 148.2 143.8 - 150.5
A2 BARC-057257-14650 1998 I Seed Yield -93.61 50.8 3.39 47.8 - 52.9 46.1 - 54.5
H BARC-065695-19663 1998 I Seed Yield -92.17 69.1 2.87 66.2 - 69.1 65.1 - 69.1
O BARC-015925-02017 1999 I Seed Yield -307.60 133.7 11.27 133.0 - 135.2 132.4 - 136.8
O BARC-015925-02017 1999 R Seed Yield -100.37 133.7 5.02 132.1 - 137.5 131.0 - 141.2
O Matur_E2 1999 I Seed YIeld -253.98 145.9 7.33 143.1 - 152.0 141.7 - 158.1
O Matur_E2 1999 R Seed Yield -103.10 145.9 5.22 144.2 - 152.3 142.5 - 158.8
LG Year Trait LOD
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 Table E. Simple interval mapping results for seven traits (continued on the next) 
 
     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
 
 
 
Nearest Water Additive QTL 95% LOD 99% LOD
Marker Treatment† Effect Position Confidence Interval Confidence Interval
A2 BARC-020591-04686 1998 I Seed Protein -0.41 171.5 4.99 0.132 0.135 161.9 - 178.8 158.3 - 182.4
A2 BARC-020591-04686 1999 I Seed Protein -0.37 176.5 3.45 0.090 0.093 167.0 - 183.5 160.9 - 183.5
C1b Satt294 1998 I Seed Protein 0.27 46.8 3.75 0.056 0.060 43.8 - 48.2 41.6 - 48.8
C2 BARC-055939-13876 1998 I Seed Protein -0.31 150.7 4.60 0.068 0.071 143.7 - 156.1 138.0 - 159.8
C2 BARC-055939-13876 1999 I Seed Protein -0.31 150.7 3.24 0.049 0.052 150.6 - 151.2 143.1 - 157.0
C2 BARC-055939-13876 1998 R Seed Protein -0.33 150.7 3.44 0.051 0.055 144.2 - 155.8 137.8 - 161.1
C2 BARC-055939-13876 1999 R Seed Protein -0.32 150.7 5.52 0.081 0.085 141.8 - 159.3 137.9 - 162.2
C2 PubCol_T 1998 I Seed Protein -0.30 186.8 3.78 0.072 0.075 179.0 - 190.6 175.3 - 190.6
C2 BARC-010777-00746 1998 R Seed Protein -0.36 191.6 4.95 0.080 0.083 189.7 - 193.4 181.2 - 193.4
C2 Satt202 1999 I Seed Protein -0.30 194.4 3.83 0.062 0.065 190.6 - 202.3 190.6 - 206.8
C2 Satt202 1998 I Seed Protein -0.32 197.4 4.22 0.080 0.084 190.6 - 204.6 190.6 - 210.3
C2 Satt202 1998 R Seed Protein -0.39 198.4 4.99 0.095 0.098 193.4 - 205.8 193.4 - 209.8
E BARC-029599-06237 1999 R Seed Protein -0.29 21.2 4.94 0.073 0.077 18.1 - 23.7 12.3 - 24.7
E Satt598 1999 I Seed Protein -0.32 71.1 4.56 0.068 0.071 65.4 - 72.8 58.3 - 73.4
E Sat_136 1999 I Seed Protein -0.29 78.3 3.84 0.057 0.061 76.2 - 81.7 74.4 - 82.0
G BARC-040479-07752 1998 I Seed Protein 0.28 7.4 4.02 0.060 0.063 6.3 - 10.9 6.1 - 22.6
H BARC-021693-04179 1998 I Seed Protein 0.30 90.3 4.43 0.073 0.076 86.1 - 93.5 85.2 - 93.5
H Satt293 1998 I Seed Protein 0.32 96.5 4.70 0.082 0.086 94.0 - 100.5 93.5 - 103.3
O Satt592 1999 I Seed Protein 0.54 126.9 11.51 0.190 0.193 124.0 - 129.9 122.0 - 130.9
O Satt581 1998 I Seed Protein 0.27 131.0 3.47 0.052 0.055 124.3 - 133.0 116.4 - 133.7
O Satt581 1998 R Seed Protein 0.54 132.0 10.58 0.165 0.168 131.2 - 133.0 130.9 - 133.7
O Satt581 1999 I Seed Protein 0.55 133.0 12.38 0.183 0.187 131.5 - 135.9 131.6 - 137.4
O Satt243 1998 R Seed Protein 0.45 144.7 7.14 0.122 0.125 141.5 - 149.3 141.5 - 152.0
O Satt243 1999 I Seed Protein 0.40 145.7 6.34 0.105 0.108 143.5 - 149.6 141.7 - 151.7
D1a2 BARC-020113-04470 1999 I Seed Oil -0.13 161.8 3.28 0.050 0.053 156.2 - 165.2 152.7 - 165.2
D1a2 BARC-054071-12319 1998 R Seed Oil -0.15 161.5 3.43 0.052 0.056 155.9 - 161.8 152.4 - 162.1
D2 Satt154 1998 I Seed Oil 0.16 68.8 3.35 0.060 0.063 60.3 - 74.6 60.6 - 74.6
E Satt598 1999 I Seed Oil 0.18 72.1 5.99 0.092 0.095 65.6 - 73.4 61.1 - 74.4
E Satt268 1999 I Seed Oil 0.17 88.2 5.36 0.079 0.082 87.5 - 105.1 87.0 - 89.5
O BARC-015925-02017 1999 R Seed Oil 0.56 136.7 27.38 0.399 0.402 135.1 - 138.6 136.0 - 139.3
O BARC-028651-05984 1998 I Seed Oil 0.15 141.5 3.32 0.050 0.053 140.7 - 141.7 140.7 - 141.7
O Satt243 1999 R Seed Oil 0.50 145.7 23.58 0.342 0.345 143.6 - 147.4 143.0 - 148.6
O Matur_E2 1998 I Seed Oil 0.21 148.9 4.88 0.096 0.099 144.2 - 154.1 147.9 - 156.5
O Sat_109 1999 R Seed Oil 0.31 159.1 7.99 0.130 0.133 157.1 - 161.4 157.1 - 163.0
A1 BARC-044557-08720 1998 I Seed Weight 0.34 89.8 3.44 0.058 0.061 88.4 - 97.2 81.3 - 99.7
C2 Satt277 1999 R Seed Weight 0.29 128.6 3.30 0.051 0.054 128.3 - 150.2 126.2 - 145.7
C2 PubCol_T 1999 R Seed Weight 0.41 172.8 4.90 0.099 0.102 162.2 - 180.0 158.6 - 183.4
C2 PubCol_T 1998 I Seed Weight 0.39 185.8 4.07 0.076 0.079 176.5 - 190.2 172.1 - 190.6
C2 BARC-010777-00746 1998 I Seed Weight 0.34 192.6 3.45 0.056 0.059 190.6 - 202.5 190.6 - 206.9
F2 BARC-061571-17276 1999 I Seed Weight -0.42 76.0 3.36 0.053 0.057 74.1 - 88.9 73.7 - 95.8
F2 Satt522 1998 I Seed Weight -0.43 80.5 4.70 0.090 0.093 78.8 - 89.0 75.7 - 92.9
F2 Satt522 1999 R Seed Weight -0.38 86.5 3.44 0.088 0.091 77.5 - 96.3  77.5 - 104.7
M BARC-907715-01049 1998 I Seed Weight -0.45 114.8 3.77 0.098 0.101 107.2 - 124.5 102.6 - 130.2
O SOYLBC 1999 R Seed Weight 0.35 118.0 4.09 0.069 0.072 110.5 - 122.9 106.7 - 122.9
O Satt581 1998 R Seed Weight -0.39 130.9 3.93 0.059 0.0619 124.7 - 135.3 119.2 - 137.8
O Satt581 1999 I Seed Weight 0.75 133.0 9.80 0.156 0.160 131.5 - 133.7 131.0 - 133.7
O Satt581 1999 R Seed Weight 0.62 133.0 13.62 0.204 0.207 131.8 - 133.7 131.3 - 133.7
O Satt243 1999 R Seed Weight 0.46 143.7 7.23 0.120 0.124 141.7 - 147.0 141.7 - 148.8
O Matur_E2 1999 I Seed Weight 0.53 145.9 4.47 0.085 0.088 145.9 - 148.1 141.7 - 150.1
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 Table E. Simple interval mapping results for seven traits 
 
     †
Two water treatments were used. I and R stand for irrigated and rained water treatment, respectively. 
   
 
 
 
 
 
 
Nearest Water Additive QTL 95% LOD 99% LOD
Marker Treatment† Effect Position Confidence Interval Confidence Interval
F2 BARC-046144-10286 1998 I Height 1.31 73.5 3.28 0.050 0.053 70.0 - 73.7 67.5 - 73.7
F2 Satt522 1998 R Height 1.68 83.5 5.67 0.129 0.133 77.5 - 90.9  77.5 - 94.1
O SOYLBC 1998 I Height -2.77 121.0 13.02 0.214 0.218 118.8 - 122.9 117.8 - 122.9
O SOYLBC 1998 R Height -1.84 121.0 8.67 0.147 0.151 118.4 - 122.9 117.2 - 122.9
O Satt581 1998 I Height -4.16 133.0 36.07 0.455 0.459 132.9 - 133.2 132.6 - 133.4
O Satt581 1999 I Height -5.31 133.0 51.77 0.571 0.575 132.0 - 133.3 133.0 - 133.6
O Satt581 1998 R Height -3.12 133.0 30.44 0.401 0.404 132.8 - 133.3 132.4 - 133.5
O BARC-015925-02017 1999 R Height -3.77 134.7 43.11 0.540 0.543 134.4 - 136.4 134.0 - 137.0
O Matur_E2 1998 I Height -3.55 145.9 23.30 0.354 0.358 145.3 - 164.0 144.7 - 147.7
O Matur_E2 1999 I Height -4.65 145.9 34.92 0.465 0.468 145.2 - 159.4 144.6 - 147.3
O Matur_E2 1998 R Height -2.85 145.9 23.21 0.359 0.363 145.4 - 147.0 144.9 - 147.9
O Matur_E2 1999 R Height -3.23 145.9 29.47 0.426 0.429 145.3 - 162.0 144.8 - 147.5
C1b Satt294 1998 R Lodging -0.16 46.8 3.51 0.053 0.056 43.8 - 48.7 41.6 - 49.3
E Satt268 1998 I Lodging 0.19 88.2 6.39 0.093 0.097 87.7 - 89.3  87.7 - 93.2
G Satt235 1999 I Lodging -0.17 46.7 3.32 0.052 0.055 35.6 - 53.3 30.2 - 57.1
G Sat_064 1998 R Lodging 0.18 160.0 3.33 0.063 0.066 151.6 - 162.0 146.9 - 162.0
O Satt592 1999 I Lodging -0.38 129.9 15.34 0.228 0.232 127.0 - 130.9 125.8 - 131.0
O Satt581 1999 R Lodging -0.43 132.0 19.56 0.280 0.283 131.0 - 133.4 131.0 - 133.0
O Satt581 1998 I Lodging -0.22 133.0 6.64 0.103 0.107 131.0 - 136.2  131.0 - 137.9
O Matur_E2 1998 I Lodging -0.16 145.9 3.88 0.065 0.069 143.2 - 151.3 141.7 - 154.3
O Matur_E2 1999 I Lodging -0.31 145.9 10.48 0.165 0.168 144.1 - 148.2 143.1 - 149.8
O Matur_E2 1999 R Lodging -0.35 145.9 12.04 0.192 0.195 144.1 - 148.4 143.1 - 149.9
A2 Hilum_1 1998 I Seed Yield -93.06 50.1 3.45 0.053 0.057 49.9 - 54.1 46.1 - 55.8
C2 BARC-055939-13876 1998 I Seed Yield 115.20 159.7 3.36 0.081 0.085 158.8 - 168.8 150.7 - 168.8
O BARC-015925-02017 1999 I Seed Yield -308.43 133.7 11.31 0.161 0.164 132.5 - 136.1 133.3 - 137.7
O BARC-015925-02017 1999 R Seed Yield -100.39 133.7 5.02 0.075 0.078 132.9 - 139.1 131.0 - 141.4
O Satt243 1998 R Seed Yield 75.58 145.7 3.41 0.063 0.066 144.8 - 149.8 141.5 - 152.8
O Matur_E2 1999 I Seed Yield -255.39 146.9 7.24 0.122 0.126 144.8 - 152.4 141.7 - 154.7
O Matur_E2 1999 R Seed Yield -103.76 146.9 5.05 0.088 0.092 143.6 - 152.2 144.0 - 154.7
O Sat_109 1999 I Seed Yield -197.03 159.1 4.38 0.074 0.077 157.1 - 164.7 157.1 - 164.7
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Appendix F 
SAS and R code for Phenotypic Data Analysis 
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F – 1. SAS code for normality according to the different water treatments and years 
Data normality; 
Input rep block trt matday lodging height seedpro seedoil plotyield seedweight; 
Cards; 
 
Proc Mixed data=normality method=type3; 
Class rep block trt; 
Model seedweight= /outp=residout;  
Random rep block(rep) trt; 
Run; 
Proc Print data=residout; 
Run; 
Proc Gplot data=residout; 
Plot resid*pred; 
Run; 
Proc Univariate data=residout normal plot; 
Var resid; 
QQplot resid/normal(mu=EST sigma=EST)pctlminor; 
Run; 
F – 2. SAS code for heritability according to combined years and different water treatment 
Data heritability; 
Input year rep block trt matday lodging height seedpro seedoil plotyield seedweight; 
Cards; 
Proc Mixed data=heritability method=type3; 
Class year rep block trt; 
Model seedweight=; 
Random year rep block(rep) year*block(rep) trt trt*year; 
Proc Print data=heritability; 
Run; 
 
F – 3. SAS code correlation according to combined years and water treatments 
Data heritability; 
Input year rep block trt matday lodging height seedpro seedoil plotyield seedweight; 
Cards; 
 
 
Proc Corr data=heritability; 
Var matday lodging height seedpro seedoil plotyield seedweight; 
Run; 
Proc Print data=heritability; 
Run; 
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F – 4. SAS code for least square means according to water treatments and years 
Data QTL98irr; 
Input rep block trt matday lodging height seedpro seedoil plotyield seedweight; 
Cards; 
Proc Mixed data=QTL98irr method=type3; 
Class rep block trt; 
Model seedweight=trt; 
Random rep block(rep); 
Lsmeans trt; 
Proc Print data=QTL98irr; 
Run; 
 
F – 5. R code for correlation according to combined years and water treatments  
GRIN <- read.table(file = "C:\\Sadal\\GRIN1146.txt", header=TRUE, sep = "") 
GRIN 
GRIN$Seedpro 
GRIN[,4] 
summary(GRIN) 
cor(GRIN)                               ## Default value means Pearson's correlation 
cor.test(x, y, alternative = c("two.sided", "less", "greater"), method = c("pearson", "kendall", "spearman"), 
exact = NULL, conf.level = 0.95, ...) 
x1 <- GRIN[,1] 
x2 <- GRIN[,2] 
x3 <- GRIN[,3] 
x4 <- GRIN[,4] 
x5 <- GRIN[,5] 
x6 <- GRIN[,6] 
x7 <- GRIN[,7] 
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F – 6. R code for simple regression according to combined years and water treatments 
Prooil  <- read.table(file = "C:\\Sadal\\Corr9899Both.txt", header=TRUE, sep = "") 
prooil 
prooil$Seedpro 
prooil[,1] 
plot(x = prooil$Seedpro, y = prooil$Seedoil, xlab = "Seedpro", ylab = "Seedoil", main = "Seedprotein vs. 
Seedoil", xlim = c(33.0,46.0), ylim = c(16.0,22.0), col = "red", pch = 1, cex = 1.0, panel.first = grid(col = 
"gray", lty = "dotted")) 
mod.fit<-lm(formula = Seedoil ~ Seedpro, data = prooil) 
names(mod.fit) 
mod.fit$coefficients 
mod.fit$residuals 
save.fit <- data.frame(prooil, Seedoil.hat = round(mod.fit$fitted.values,2),   
                  residuals = anmod.fit$residuals,2)) 
 
save.fit 
 
F – 6. R code to find MSE 
names(mod.fit) 
mod.fit$residuals 
sum(mod.fit$residuals^2)/mod.fit$df.residual 
 
win.graph(width = 6, height = 6, pointsize = 10) 
plot(x = prooil$Seedpro, y = prooil$Seedoil, xlab = "Seedpro", ylab = "Seedoil", main = "Seedprotein vs. 
Seedoil", xlim = c(33.0,46.0), ylim = c(16.0,22.0), col = "red", pch = 1, cex = 1.0, panel.first = grid(col = 
"gray", lty = "dotted")) 
 
abline(a = mod.fit$coefficients[1], b = mod.fit$coefficients[2], lty = 1, col = "blue", lwd = 2) 
